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Abstract

The power ultrasound effects, the sonocrystallization kinetics and mechanism are
investigated for cooling crystallization ofglutamic acid (LGA) from aqueous
solution.

Sonocrystallization experiments involving slow and crash cooling have been
undertaken for the metastable zone width and induction time measurement. LGA
nucleation kinetics was extracted usiNg v1 t 6 s met ftsorévealed thath e
application of ultrasound can effectively narrow the metastable zone width,
significantly reducing the induction time, and accelerate the nucleation rate. The
calculated critical nucleus size and interfacial tension suggested thabuwittlas
reduces the nucleation energy barrier to allow crystallization to occur readily. These
effects became more obvious with the increase of ultrasound power.

The pressure upon the collapsing cavitation bubble was calculated along with the
nucleation rateinder the collapsing pressure. In order to identify the mechanism, an
approach was developed in the literature for calculating the ultrasodaded nuclei
number which was employed to establish the irg&tionship between the cavitation
number and ucleation event. Whilst the theoretical calculation did not fully match
the experimental measurement, the total induced nuclei number was found to be
proportional to the cavitation issue; therefore, it still provides a potentially credible
mechanism forllustrating the sonocrystallization process.

Studies on seeded crystal growth in the ultrasound field indicated that the effect of
ultrasound irradiation on LGA growth depends on the supersaturation. The
ultrasound increased the growth rate at low supsa#on, while it appeared to have

no effect at high supersaturation. The corresponding growth mechanism is believed
to be the 2D nucleation growth. A population balance model was applied for the
seeded growth process to predict the dynamic evolutibrthe particle size
distributions that are validated by experimental measurements.

The influence of operating conditions on LGA polymorphism was also studied.
Investigation of the ultrasound effect on polymorphism suggested that ultrasound
favoursthe prei pi t at i o n -foonf by imprevingsthe asurface nubleation of

t h efornband hence increasing the transformation rate. The analysis of the LGA
crystals produced proved that the variation of ultrasonic power and insonation interval

can be utilizedo manipulate the particle size distribution and crystal morphology.
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Notation

Symbols Definition Units
a Activity of the solute -
A A Preexponential factor -
ag Detected limitof instrument -
ae Equilibrium activity between liquid and solid phas -
ay, by, ky Shape factoof crystals -
An, Avor Surface area m?
b Cooling rate °Cmin™
B Total cavitation bubbles numberthe reactor -
b' Cavitation bubble formation rate m’st
C Solution concentration gL
C* Equilibrium concentration gL
Co Nucleation site on the surface m
Cinital Initial concentration gL
C. Sound velocityin the liquid ms?
Crax Maximum allowable supersaturation g
D Systemrelative nucleation parameter -
d Growth dimension -
Dab Diffusion coefficient m’s®
dm Molecular diameter m
f Frequencyof sound wave Hz
f* Collision factor st
G* Free energy at critical nucletadius J
G, G Growthrate ms?
Gtinal Final Gibbs free energy J

Gyibbs Overall excess free energy J



Symbols Definition Units
Ginital Initial Gibbs free energy J
Gs Surface excess free energy J
Gv Volume excess free energy J
Heaq Adsorptionconstant -
I Intensity W/m?
J Nucleation rate m3st
J Average nucleation rate mol*
Jhet Heterogeneous nucleation rate m3s?
Jhom Homogeneous nigation rate m3st
K The Polytropic index -
Ks The Boltzmann constant JIK
Ky Growth rate constant -
Km Nucleation rate constant -
ksn Ksc Systemrelative nucleation parameter -
L Particle characteristic size m
M Molecular weight gmol*
m Apparentucleation order -
n Number -
n' Apparent growth order -
n* Molecule number in critical nucleus -
Na Avogadro's number mol™
Nb Nuclei number generated lysinglebubble -
Nm Nuclei number -
P Pressure in the cavitation bubble atm
Po Ambient pessure atm
Pa Ultrasound pressure amplitude atm
P4 Acousticfield pressure atm



Symbols Definition Units
Py Gas pressure atm
Pm Liquid pressure atm

Pmax Maximum pressure atm
Poutput Ultrasound output power W
Py Vapour pressure atm
R Cavitation bubke radius m
R Acceleration of the cavitation wall m
R Cavity wall velocity ms*
Ro Initial cavitation bubble radius ms?
re Critical nucleus size m
Re Equilibrium bubble radius
Rm Maximum cavitation bubble radius m
S Supersaturation ratio -
T Tenperature °C, K
t Time S
To Ambient temperature °C, K
tind Induction time S

tinsonation Insonation interval S

Tint Initial temperature °C, K
Timax Maximum undercooling °C, K

tshockwave Shock wave lifetime s
Ve Molecular volume of solid m°

Veavitation Cavitation volume m°

Vefrective Effective caviation volume m°
Vs Partial molecular volume m°
W Nucleation work Jmol*

z

Zeldovich factor



Greek letters Definition Units

€ Chemical potential J
) Interfacial tension Jmi?

Deffective Effective interfacial tension Jm?
d Angle °
U Correlation factor -
G Relative supersaturation ratio -
=8 Wavenumber -
d Liquid viscosity sm?
U Collapse duratiomf cavitation bubble S
Je Solid density gm*
L Liquid density gm*
g Growth index -
Y Active pre-factorfor heterogeneous nucleation -
A Total surface energy J

Abbreviation Definition

LGA L-glutamic acid

MSZW Metastable zone width

FBRM Focused Beam Reflectance Measurement

Attenuated Total Reflectandeurier Transform
ATR-FTIR
Infrared
PXRD Powder XRay Diffraction
PLS Partial Least Square

vi



Content

Acknowledgemerst i
Abstract ii
Notation ii
Figure List Xiii
Table List XX
Chapter ANtrodUCHION..........c..oviiiieeee e, 1
1.1 Research Background...........ccooiiiioiiiiieeeiiiieie e eeeeeeeeeee e 2
1.2 Research Aims and ObJECHIVES.........ccceeeeeiiiiiiieeeie e 4
1.3 Structure Of the TRESIS......ccoiiiiiii e 4
1.4 CloSING REMATKS........uiiiiiiiiie et eeer e e e e e e e e e 5
Chapter ZFundamental Theory of Crystallization................ccccocvveeeeee, 6
2.1 INrOTUCTION. .....eiiiiieiiiiieie e ecee et eeme e e e e e enneneeee e
2.2 Solubility and Sugeaturation..................ooevviiiiiccee i 7
2.3 NUCIEALION. ....eei ettt rmm et e e e e e 9
2.3.1 Primary NUCIEAIQN .........uuuuiiiiiiiiiiii et err e 10
2.3.1.1 Homogeneous NUCIEatiON.............oooiiiiiiiiieee e 10
2.3.1.2 Heterogeneous NUCIEALION............uuuuiriiiiiiieeeiiiiiiieeiee e 12
2.3.2 Secondary NUCIEAtION. .........cciiiiiiiiii e 13

2.3.3 Nucleation Kinet.i.c.s...Ev.al.ualdi on: NT \

2.4 CryStal GrOWLRL......eeeiiiiiiiiie e e 15
2.4. 1 NOrMAUGIOWEN. ......ouuiiiiiiiiiiiii e 17
2.4.2 2D Nucleation Growth.............cooooiiiiiiiiiiro e 18
2.4.3 Screw Dislocation GroWth...........coooiiiiiiiiiiccc e 19

2.5 POIYMOIPNISML...cuiii e 20

Vii



2.6 Crystallization Procegsnalysis and Characterizatidrechniques............... 24
2.6.1 XRay DIffraCtioN.......cccoeeiiiieeeiiiieeeieeer e 24

2.6.2 Attenuated Total ReflectanEeurier Transform Infrared Technology

(ATR-FTIR) . ettt eeee e 26
2.6.3 Focused Beam Reflectance Measerdritechnology (FBRM)............. 27
2.7 ClOSING REMAIKS......uuiiiiiiiiiiiiiii ettt 29

Chapter 3Fundamentals of Power Ultrasound Science and Enigneering

and Its Usag in Crystallization...............ccoovviveee e 30
I I 1 ( To [F o3 1 o] o FE OO PP PP RPPP TR 31
3.2 ACOUSLIC TNEOIY .. .cciiieeieeeeeet et e e e e e e e e e eeaean 31

3.2.1 POWET UITaSOUNG..........uviiiieeeiiiiiieeeeiie e e et sme e 31
3.2.2 CAVILALION. ... ettt nenr e e e e e nneeas 32
3.2.3 Cavitation Bubble CollapsSe..........uveeiiiiiiiiiiieeeiiiiiieeeeeeeeeeee e 35
3.2.4 Effects Caused by Acoustic Cavitation............ceeeeeeeiivieeeiiieee e, 36
3.2.5 Generation of Power Ultrasound................ccccuvimmmnninniiiiiiiiiiiiieeee 38
3.3 Literature Revig of Sonocrystallization...............cccuvviiiiieemiiiiiiiiiiiiieeeee 40
3.3.1 Observed Effects of Power Ultrasound on Nucleatian..................... 40
3.3.2 Ultrasonic Crystal GrowWth............cooooiiiiiiiiicce e 42
3.3.3 Ultrasound Effects oroBmorphism and Particle SiZgistribution........44
3.3.4 Ultrasonic Variables Influence on Sonocrystallizatio........................ 46
3.3.5 Proposed Mechanisms of Sonocrystallization.................c..ovveeeeeen. a7
3.4 CloSING REMAIKS......ccceiiiiiiieeee et e e e e e 50

Chapter 4Materials and Process Analytical Techniques.................... 51
4.1 INEFOAUCTION. ...ttt mmee e eeeeaae 52
4.2 MALEIIAIS. ..o 52

4.2.1 LGIUtamiC ACIH....coiiiiiiiieie e 52

viii



S 01 1V/ < | TR 54

4.3 Process Analytical Techniques andttumentation.................cccvvvvviaeene. 54
4.3.1 CryStalliZErS....cceeeieiieiiie e eeees e e e e e e e e e e e e e e e b4
4.3.2 Julabo CIrCUIALAL...........uviieieeeiree e e 55
4.3.3 Thermometer and Turbidity Prabe............cccooiie s 55
4.3.4 Power UltrasoniC INStrument............ooooiiiiimmen e 56
4.3.5 Powder Xay DiffraCtion...........ccccuuuiiiiiiiiiiieeniiiiiieeeee e 57
4.3.6 ATREFTIR ..ottt e e e e eaenes 57
A.3.7 FBRM ..o et 59
4.3.8 MOrphologi G3.......oooiiiiiiiiie e ieeeie e eeer e e e e e e e ee e 60
4.3.9 IMICIOSCOPY....uvuuuuuiniiieeeeeeeeeeeeaeieeaaseeeeeaeeaeeeeeeeeesaennsaaaeaaeeeereseesssssnnnnnn 62
4.4 CloSINg REMAIKS.......ccviiiiiiiiiiie it s e e e e e sneere s e e e e e e e e e aeeeees 62

Chapter Sinvestigation of LGlutamic Acd Primary Nucleation: Effect

Of Power UIraSOUNG............ccooiiiieeecc e 63
5.1 INEFOAUCTION. ...t eee e 64
5.2 Experimental Saip and ProCedures...............uuuueeiieiieemiuniiiiiiiiiieeeeeeeeeeee s 65

5.2.1 Experimental S@IP..........ooooiiiiiiiiiiiree e 65
5.2.2 Experimental ProCedULES..........ccuuuuuiiiiiieeeiiiiiiiieeee e 66
5.2.2.1 Metagable Zone Width Measurement..............coevveviiicceeeee e 66
5.2.2.2 Induction Time MeasuremMent..........cccceeeeiiiiiiccceeeee e 66
5.2.2.3 Polymorphic Form Identification..............cuuuuvieirimemniiiiiiiiiiieeeee 66
5.3 Results and DiSCUSSIONS........cciieiiiiiiiiiiieaaree e e et e e e s sieeeeesreeeeee e 67
5.3.1 Metastable Zone Width Determinatian..................eevvvieeeiiiviniinnnnnn. 67
5.3.1.1 Nucleation in Silent CoNditioNS.........ccovviiiiiiiiiiiieneeeeeeeeeeeeee 67
5.3.1.2 Nucleation in 15W Power Ultrasound Field.............cccccccvvveaenn 71
5.3.1.3 Nucleation i25W Power Ultrasound Field.............cccccccviiiiaaenn 72
5.3.1.4 Calculation of Nucleation Order and Nucleation Rate................. 75



5.3.2 INAUCLION TiME STUAIES .. cen et 78
5.3.2.1 Induction Time MeaSUIrEMENT......c.oeeu e 78

5.3.2.2 Evaluation of Interfacial Tension and Critical Nucleus Radius....81

5.3.3 L-Glutamic Acid Polymorphic Form Identification.............................. 87
5.3.3.1 Cooling Rate Effect on Polymorphism............ccccevvvvvieeniivvvnnnnne. 87
5.3.32 Crystallization Temperature Effect on Polymorphism.................. 93

5.4 CONCIUSION. ...t ee e eeees bbb e e e e e e e e e ememre e e 98

Chapter 6Studies of Power Ultrasound Effects on the Crystal Growth
Kinetics of L-Glutamic ACId...........cccooeiiiii e 100

B.1 INTrOTUGCTION. ...eeee e e e 101

6.2 Collapsing Buble Pressure Estimation of the Probe Ultrasonic Systeml03

6.3 Nucleation Rate Expressiander Bubble CollapsePressure.................. 105
6.4 Calculation of Nuclei Number in the Solution............ccccooiiiieecieeens 107
6.5 Procedure and Experimental-8pt............ccccooeiiiiiiiiieee e 109
6.6 RESUILS aNd DISCUSSION.......uuviiiiiiiiiiiieiieeeieiee ettt e e e e e e simmne e 111

6.6.1 Estimation of Maximum Collapse Pressure and Nucleation.Rate..111

6.6.2 Ultrasound induced Nuclei Number Estimated from Acoulxiameters

Chapter 7 fudies of Power Ultrasound Effects on the Crystal Growth

Kinetics of L-GlutamiC ACI............ccoveerieiricemececeee e 124
7485 T [ 10T [ Tod 1 o] o USRS 125
7.2 Methodology and INStrumentation..................eeeeeeieemiiriiiiieeiiieeeeeeeeeeeenas 126

7.2.1 Insitu Solution Concentration Measurement.............ccceeeeericemeeeennns 126



7.2.2 L-Glutamic ACI S T SIS ... e it eeeee 127

7.2.3 Seeded Growth at High Supersaturation Level..................cceceeee. 127
7.2.4 Seeded Growth how Supersaturation Level.............cccoeeeeviivieeeenn. 128
7.2.5 Effect of Ultrasound on Particle Shape and Size Distribution......... 128
7.3 RESUILS Nd DISCUSSIO........cuurreiiiiiiiiiiiiieeereeeee ittt e e e e e e e e e e e e e s simmme e e e e e e 130
7.3.1 LGlutamic ACIid S€edS TSt .....cceeiiiiiiiiiiiiceee e 130
7.3.2 LGA Seeded Growth at High Supersaturation Level...................... 133
7.3.3 LGA Seeded Growth at Low Supersaturation Level....................... 138
7.3.4 Effect of Ultrasound Irradiation on Crystal Characteristics............. 144

7.3.4.1 Crystal Morphology and Particle Size Distribution after Seeded Growth
.................................................................................................................... 144

7.3.4.2 Crystal Morphology and Particle Size Distribution in Spauas
CryStalliZatioN..........eveiiiei e ee e ————— 145

T8 CONCIUSION . e et e e et e e e e e e e e e e e anenan 149

Chapter 8 Population Balance Modelling and Simulation of Alpha

L-Glutamic Acid Seeed Growth.............cccooooiiiiicecreie e, 150
8.1 INtrOAUCTION. ...ttt e e eeeees 151
8.2 The gPROMS Process Modelling System...........cccceeeiieiieccvviveeiicinennn. 153
8.3 The Population Balance Model of Seeded Grawth.................ccovveeeennn. 155

8.3.1 Population Balance EqQUAtion..................uuuiiireeeeeiiiiiiiieee e 155
8.3.2 The Mass Balar@and Growth Rate Parameters.................cevvieeuee. 156
8.4 ReSUItS and DiSCUSSION........ceiiiiiiiiieeiimee ettt e e eeme e 157
8.4.1 Seeded Growth Simulation at High Supersaturation...................... 157
8.4.2 Seeded Growth Simulation at Low Supersaturation....................... 161
8.5 CONCIUSION. .. ..o e e e e e e s eeme e 163

Xi



Chapter Lonclusion and Future WOorK............ccccveviviieeeseie e 165

0.1 CONCIUSIONS . ..o e ettt eanens 166
9.2 Suggestions of FUtUre WOrkK ..o 169
RETEIENCES ... ettt e e e e 171

Xii



Figure List

Figure 2.1: The general scheme of crystallization process from solution....7
Figure 2.2: The typical solubility and supersolubility diagram..................... 8.
Figure 2.3: The schematic presentation of nucleation classification modified from
Chow et al. (Chow et al., 2003, Luque de Castro and RPGegote, 20079
Figure 2.4: The nucleation process (Mullin, 1993). (a) the transition of nucleation;
(b) the Gibbs free energy change at critical nucleus.size.................. 10
Figure 2.5: lllustation of foreign solid particle in crystallization system......12
Figure 2.6 (a) Schematic representation of steps involved in crystal growth; (b)
The energy landscape for processes depicted ysiqal landscape (a).
Figure modified from (Cubillas and Anderson, 2010, Yoreo and G, 20@3)
Figure 2.7: The molecular rough crystal surface advanced by normal gro#h
Figure 2.8: The schematic representation of the Kossel model of crystal §8rface
Figure 2.9: Development of growth spiral initiated by screw daion (Cubillas
and Anderson, 2010). r2D*: the critical nucleus size D 2wcleation

Figure 2.10: Solubility curves of monotropic polymorphs (left) and enantiotropic
POlYMOIPNS (IGNL) ... 20

Figure 2.11: Free energy barrier associated with crystallization of polymorphs
adapted from (Bernstein, 2002).............uuuuiiiiiiieeceiiiiiiisae e e e e e e e e eeens 21

Figure 2.12: Polymorphism control strategy in the crystallization process
modified from (Kitamura, 2009)..............uuuummmmiiiieeeiiiiiiieeeeeeee e 22

Figure 2.13: Der i.v.at.i.on..a.f..Br.agg?s Law

Figure 2.14: Examples of infrared spectrum analysis: (a) Polyethylene infrared
spectrum for stretching vibration (Jasco, 2008); (b) Infrared spectrum of

different concentration-¢lutamic acid in agueous solution at 50°C (Ma,

120 K0 ) PP RR SRR 26
Figure 2.15: The attenuated total reflectance probe in-Bgudl slurry........... 27
Figure 2.16: The cuAway schematic of the Focused BedReflectance

Measurement probe (Haley, 20Q9)..........cccoooiiiiiiiiccciiin e, 28
Figure 3.1: Classification of sound freqUENCY...........cuuvveeerrvieenivvrrirnieeeeen. 32

Figure 3.2: The propagation,ayvth and collapse of cavitation bubble (Mason,

Xii



Figure 3.3: The radius/time predictions for four bubbles of progressively smaller

size in a 1e&kHz sound field (PA=2.4 bar). Equilibriutmubble radii are (a)

60 em, (b) 50em, (c) 10em..and.B4d) lem (
Figure 3.4: The schematic representation of the development of shock wawe

Figure 3.5: A spherically symmetric shock wave emitted by a collapsing single

bubble into the surrounding liquid (Ohl et al., 1999)...............vvvnnnnneee 37
Figure 3.6: Cavitation bubbl collapse at, or near a solid surface (Timothy
J.MASON, 2002)......ciieeiieeeeieiie e eeee e ————————————————————— 38

Figure 3.7: The basic ultrasonic operating system (a) ultrasound bath system and
(b) ultrasound probe system (Perkins, 2009).........ccccceeeeiivieeeiccieeeennn. 39

Figure 3.8 20L flow cell fabricated in hard chromplated stainless steel with
multi-transducers for use in the alumina industry shown with acoustic shield
removed for clarity (Ruecroft et.a2005)..........ccccceeeeeiiiiieeiccecicccennn. . 42

Figure 3.9: Final product of -Arg at S=1.58: (a) without ultrasound (b)
ultrasonic energy 4.3J (c) ultrasonic energy 43J (Kurotani et al., 20085

Figure 3.10: Effect of power amplitude and residence time on the crystal size
distribution (Narducci et al., 2011)..........ccceeiiiiiiiiiiieeer e, 46

Figure 3.11: The cluster growth in theepence of cavitation bubbles: the solute
molecule C1, the existing cluster Cm and Cn (Dodds et al., 20Q7)....49

Figure 3.12: Ultrasound enhancement of the diffusion rate (Thompson, 2801)

Figure4.1l:kgl ut ami ¢ aci d cr ysftarlns,-fooffb.)DddO y mor ph

Figure 4. 2: Sol ubfiorin y-fompdofolfglutdmec acidf t he \
(Kitamura, 1989, Ma, 2010).........ccvveeeerieiiiiniimreeeeeeeeeennnneee e e e e eneneees 53

Figure 4.3: Construction of the ultrasonic probe system: 1. the transducer element;
2. the step detectable horn; 3. the generator; 4. therpoontrol; 5. the
PUISE TACHITY ... 56

Figure 4.4: The representative photograph of the poway xliffractometer....57

Figure 4.5:The ATRFTIR instrument ReactIR spectroscopy: 1.Mdi€tector;
2.insertion probe; 3. detector module; 4. RC.......ooiiiiiiiiiiiee, 58

Figure 4.6: The idR spectrum acquisition interface..........cccccceevvviviccceeennn. 59

Figure 4.7: The FBRM analysis system: 1. PC monitor; 2. external heater supplier;
3.the field unit; 4 4. the measurement probe; 5. the reactor stand holder; 6.

ST O e e e e — e ————————— 60

Xiv



Figure 4.8 (a) the Morphologi G3 instrument: 1l.sample dispersion unit;
2.automated optics; 3. sample plate; 4. control PC; (b) Morphologi G3
ANAIYSIS INTEITACE. ... .ttt e e e e 61

Figure 5.1: Experimental crystallization system <4gi: 1. stirrer; 2. step
ultrasound probe; 3. thermometer; 4. turbidity probe; 5. Crystallizer.65

Figure 5.2: Temperature and turbidity plot of 45g/tglutamic acid aqueous
solution with 0.1°C/min cooling rate in silent conditians.................... 63

Figure 5.3: Temperature and turbidity plot of 45g/tglutamic acid aqueous
solution with 0.25°C/min coolingate in silent conditions...................... 68

Figure 5.4. Temperature and turbidity plot of 45g/tglutamic acid aqueous
solution with 0.5°C/min cooling rate in silent conditians.................... 69

Figure 5.5: Averaged crystallization and dissolution temperatures for four LGA
solution concentrations in silent conditions.................vvvevvieenciiivinennnn.. 70

Figure 5.6: Averaged crydliaation and dissolution temperatures for four LGA
solution  concentrations in 15W ultrasound field...............ccccooeeeeeee. 72

Figure 5.7: Averaged crystallization and dissolution temperatures for four LGA
solutionconcentrations in 25W ultrasound field...................ccccceceeee... 73

Figure 5.8: Solubility and supersolubility curve of LGA aqueous solution in silent
condition, 15W ultrasound field and 25W ultrasound field.................. 74

Figure 5.9: Plot of log (b) versus log (MSZW) for four solution concentrations
produced under silent condition................oovviiiiicee e 75

Figure 5.10: Plot ofog (b) versus log (MSZW) for four solution concentrations
produced under 15W ultrasound irradiation...................uvvvicccnerereennnnns 76

Figure 5.11: Plot of log (b) versus log (MSZW) for four solution concentrations
producel under 25W ultrasound irradiation....................vvvvieceeeeeeennnnns 76

Figure 5.12: Induction time measurements for 30¢glutamic acid solution at a
bottom temperature of 41°C.........ccccuiiiiiiiiieieeeiiiiiiiieeeeeeeee e eeemeeee d D

Figure 5.13: Induction time measurements for 30gglutamic acid solution at a
bottom temperature of 43°C.........cccooiiiiiiiiiii e e 9

Figure 5.14: Induction time measurements for 30¢glutamic acid solution at a
bottom temperature of 45°C.........uuiiiiiiiie e 80

Figure 5.15: Plot of log(tind) against 1/ T3(logS)2 of 30g/L LGA solution in
silent, 15W ultrasound and 25W ultrasound conditians..................... 82

Figure 5.16: Plot of log(tind) against 1/ T3(logS)2 of 35¢g/L LGA solution in

XV



silent, 15W ultrasound and 25W ultrasound conditians..................... 82
Figure 5.17: Plot of log(tind) against 1/ T3(logS)2 of 40g/L LGA solution in

silent, 15W ultrasound and 25W ultrasound conditians..................... 83
Figure 5.18: Plot of log(tind) against 1/ T3(logS)2 of 45g/GA.solution in
silent, 15W ultrasound and 25W ultrasound conditians..................... 83

Figure 5.19: The effect of temperature and supersaturations on the critical nucleus

radius of 30g/L LGA SOIULION.........coooiiiiiiiieeee e 84
Figure 5.20: Powder Xay diffraction profiles of LGA final slurry cooling at
(018 R 7 41 o F TP O PP OPPRPY 87
Figure 5.21: Powder Xay diffraction profles of LGA final slurry cooling at
(02450 O 1111 o PP PUR PR 88
Figure 5.22: Powder Xay diffraction profiles of LGA final slurry cooling with
0.5°%C MMttt e 88

Figure 5.23: Ultrasound irradiation effect on LGA polymorphisms generated from
a concentration of 30g/L, cooling rate of 0.25°C/min..................ocoeee 90
Figure 5.24: Ultrasound irradiation effem LGA polymorphisms generated from
a concentration of 359/ L, cooling rate of 0.25°C/min........................ Q0
Figure 5.25: Ultrasound irradiation effect on LGA polymorphisms generated from
a concentration o40g/ L, cooling rate of 0.25°C/min..............ccceevinne a1
Figure 5.26: Ultrasound irradiation effect on LGA polymorphisms generated from
a concentration of 459/ L, cooling rate of 0.25°C/min........................ 91
Figure 5.27: Power-xay diffraction patterns of LGA crystallized from different
TEMPEIALUIES. ... e e e e e an 94
Figure 5.28: Power-xay diffraction profile of IGA crystallized at 20°C using
different ultrasound POWELS............cooviviiiiiiiieee e e 95
Figure 5.29: Power-xay diffraction profile of LGA crystallized at 25°C using
different ultrasound POWELS........ccooeiiiiiiiiiiiiiee e 95
Figure 5.30: Power-xay diffraction profile of LGA crystallized at 30°C using
different ultrasouNd POWELS.........cccevviiiiiiii e enee e 96

Figure 5.31: Power-xay diffraction pofile of LGA crystallized at 40°C using

Figure 6.2: Experimental apparatus-spt 1. doublgacket reactor; 2. ultrasound

probe; 3.ultrasound generator system; 4. Stirrer; 5. Thermometer; 6.

XVi



Turbidity probe; 7.turbidity amplifier; 8. computer.............ccccceeeerneee. 110
Figure 6.3: Maximum collapse pressure at different temperatures as a function of
applied UrASOUNT POWET.........uiiiiiiiiiiiie et 112
Figure 6.4: Developed nucleation rate over a rangeotlbpse pressure for
different supersaturation SOIUtIONS................evvvveiicccreeeeiiiin, 114
Figure 6.5: The calculated nucleation rate at collapsing moment with different
acoustical power applied for different supersataresolution............... 114
Figure 6.6: (a) travelling distance from the collapse centre (b) shock wave
pressure amplitude change with distance............ccccooooveeeeeiiceennn. 115
Figure 6.7: The total ultrasound induced nuclei number calculated from acoustical
parameters for different ultrasound powers with 180s insonation intetval
Figure 6.8: The totalltrasound induced nuclei number calculated from acoustical
parameters for different insonation intervals with 15W ultrasonic irradiation
010 o UPRPPR 117
Figure 6.9: Measured induction time for dréat ultrasound powers with 180s
INSONALION INTEIVAL.....ccoiiiii e 119
Figure 6.10: Measured induction time for different insonation intervals with 15W
UIFASOUNT POWEL.......ceeeiiiiiiiiiie et cee s e e snee e e e e e e e e e 119
Figure 6.11: The comparison of calculated nuclei number from ultrasound
parameters § ) and experimental induction timedZ) for different
ultrasound powers with 180s insonation interval (a) S=1.02 (b) S=1.06 (c)
S=1.10 (d) STL. A5 it 120
Figure 6.12: The comparison of calculatedclei number from ultrasound
parameters § ) and experimental induction timedZ) for different
insonation intervals with 15W of ultrasound power irradiation (a) S=1.02 (b)
S=1.06 (C) S=1.20 (d) S=diiiiiiiiiiiiiie e ecitieeeree e e eeenes 121
Figure 7.1: Experimental sep consisting of (1) 1L doublgcketed reactor (2)
stirrer (3) FBRM probe (4) Lasentec FBRM generator (5) ARR probe
(6) ATR-FTIR (7) thermometer (8) ultrasound horn (9) ultrasonic transducer

Figure 7.2: Effect of ultrasouncho i n ifotni sadds. (@) with 15W ultrasound
power (b) with 5W ultrasound POWEL.........cceeeiiiiieieiii e 131

Figure 7. 3: Ef fect o-formseéetlsr(ad 25w (bnldW (c)o we r

XVii

or



Figure 7. 4: FBRM nowei ght counts for
T 0 1 0 0.0 M 134

Figure 7.5: Evolution of solution concentration during tpewth for silent
condition and with 5W of ultrasound irradiation.................ccccevvueeennnes 135

Figure 7.6: Evolution of PSD during seeding growth in silent conditions, cooling
rate Of 0.5°C/MIN.....oiiiiiiiiii e 136

Figure 7.7: Profile of LGA mean size versus time (left) and supersaturation versus

Figure 7.8: Gowth rate defined as the time derivative of the integrated mean size
Of LGA SEEUS ...ttt ernea e e e e e e e e e e e eees 138
Figure 7.9: Kinetics of LGA seeding growth in presence of 5W ultrasound and in
absence of ultrasound, atooling rate of 0.5 °C/min........................ 138
Figure 7.10: Evolution of LGA PSD (left) and solution supersaturation (right) in
absence of ultrasound and in presence of 5W ultrasound during growth, at
consant temperature 40°C..........uuuuiiii e e 139
Figure 7.11: Kinetics of seeded growth LGA with 5W ultrasound and without
ultrasound, at constant temperature 40°C.............ccovvviviieeeeeeeeeeeeee, 141
Figure 7.12: -LGA angdr bilent cartditonscahd 5W ultrasonic
irradiation conditions versus supersaturation.....................eeeeeveeeneee. 141
Figure 7.13: Supersaturation dependence of the growth rate: clil@& for
continuous growth; curve SG for spiral growth; curve NG for
nucleatioamediated growth; curves PN and MN for polynuclear and
mononuclear growth, respectively (Kashchiev, 2000)...................... 143
Figure 7.14: Microscopic image$ o-fdim LGA crystals obtained from seeded

growth at low supersaturation leVels..........ccccoeviiiiiicceciiiiiiiiee e, 145

Figure 7.15: Par t Han l&GA srystale aftet grewthy withh ut i o n

106~150¢em i nrown iataligh supeesatigation ¢eft) and low
supersaturation (NGNL).........coouuiiii i 145

Figure 7.16: Comparison of LGA final PSD with ultrasonic irradiation at first

Figure 7.17: Microscopic images of grown LGA crystals with ultrasound
application at first Stage.........ccuuuiiiieiiiei e 147
Figure 7.18: Comparison of LGA final PSD with ultrasonradiation at first and

xviii



ESTSTot 0 0 1K) 7=V = U 148

Figure 7.19: Microscopic images of grown LGA crystals with ultrasound
application at first and second Stage...........cccceeviveeiiececiiiiiie e 149

Figure 8.1: Variation of crystal population density n(L) with size (L) and time (t)
for I-glutamic acid seeding growth in absence of ultrasound at high
SUPErSAtUration Fati..........uuueeiiies i e e e ceeer s e e e e e e ereer e e e e eeaaes 158

Figure 8.2: Final particle size distributions experimental and simulation
comparison i n (a) sil ent condi ti
Si mumean=265.80¢gm) and (b) ultrasound
Simumean=269. 90em) at hidagshexpenmerdal sat ur a
data; lInes: SIMUlation reSUIS........couuiiiiiii e 159

Figure 8.3: Comparison of the measured and model predicted solution
concentration from seeding moment without ultrasound and with 5W of
ultrasound at high supersaturation ratio. Symbols: experimental data; lines:
SIMUIALION TESUILS ...t e e e e 159

Figure 8.4: Comparison between the measured and predicted growth kifietics
ULGA as a function of supersaturation at high supersaturation ratio.
Symbols: experimental data; lines: simulation results...................... 160

Figure 8.5: Variation of LGA particle size distribution dwgithe growth at low

SUPEISALUIALION. ...ttt eee e e e e eer e e e e e e e e e e aeeens 161

Figure 8.6: Final particle size distributions experimental and simulation
compari son i n (a) sil ent condi t i
Simumean=222.(®0em)l tamdound field ( Exnp
Si mumean=232.70¢gm) obtained at l ow su
experimental data; lines: simulation results.............ccccceeiiiceeeeevvnnnnn. 162

Figure 8.7: Comparison of supergattion during the growth for the experimental
and simulation in (a) silent conditions and (b) ultrasound field obtained at
low supersaturation ratio. Symbols: experimental data; lines: simulation

LS UIES ..o e et e 163

Xix



Table List

Table 3.1:The main differences between stable and transient cavitation

(ChowMCcGarva, 2004).........cooeeeeeiiiiiieiimmeeeeeeetiiae e eeeeeesnnns 33
Table 3.2: Ultrasonic crystallization of monand disaccharides from aqueous
solutions (Ruecroft et al., 2005)........cccceiiiiieeeiiiiieeeici e 41

Table 3.3: Literatures of ultrasounelated variables effects on
SONOCTYSTAlIZALION......cce e 47

Table 4.1: Physical properties ofglutamic acid (AminoScience, 2009)......52

Table 4.2: Description of crystallization reactors and corresponding control
[T 0T 0 7= 1 0 PP 54

Table 4.3: The Julabo model and technical specification for various crystallizer
(o0 11 (o ] SRS 55

Table 5.1: The determined crystallimat and dissolution temperature for four
LGA solution concentrations in silence condition................cccvvvieeennns 70

Table 5.2: The determined crystallization and dissolution temperature for four
LGA solution concemtitions in 15W ultrasound field........................... 71

Table 5.3: The determined crystallization and dissolution temperature for four
LGA solution concentrations in 25W ultrasound field......................... 73

Table 5.4: The summary of calculated nucleation order, nucleation constant and
nucleation rate under silent condition, 15W and 25W ultrasound irradiation
............................................................................................................ 77

Table 5.5: The summary of recorded induction time.................coovvveeeeeee. 81

Table 5.6: The summary of induction time, interfacial tension, critical nucleus
radius and number of molecules in critical nucleud aflutamic acid in
silence, 15W ultrasound and 25W ultrasound conditians.................. 36

Table 5.7: Polymorphism ofdlutamic acid crystals with various cooling rates at

(0 D OO OO RS PPPP 89
Table 5.8: Ultrasound effect on formation of LGA polymorphs................... 92
Table 5.9: Polymorphs identification of LGA slurry crystallized from different

(0T 0] 0TS = U] PP 97
Table 6.1 Calculation parameters and experimental conditians............... 111

XX



Table 7.1. Evolution of solution concentration, supersditom, PSD and
calculated growth rate in absence and in presence of ultrasound during
growth from 34g/L solution at 40°C...........coooiiiiiiiiiiic s 140

Table 7.2 Growth kinetics parameters from four experimental.runs........142

Table 8.1 Numerical method for distributed system in gPROMS (Ltd., 2064)

Table 8.2 Parameter values to describe the sgagtiowth process at high S in
SHENT CONAITION. ...ttt e e e eeeee 157

Table 8.3: The simulation parameters for seeded growth at low.S.......... 161

XXi



Chapter 1

Introduct ion

Summary:A brief introduction to the research work background together with the
project overview igjiven in this chapter. This is followed Ipyesentatiorf thethesis
structure and chapter description.



1.1 Research Background

Crystallizaion is one of the oldest, but most important techniques in the cheanital
pharmaceuticalindustries where the products or intermetes are solids and
permitting separationand purificationof substance$rom the mother liquid phase.
Compaed with other separationprocesses for solidnaterial crystallization is
advantageouss it is relatively lowin energy consunption and mild operation
condition requestd In addition, it is an economical method and convenient
operation for either large scale protlan with continuous operation or small scale
production with batch operatioApproximately70% of the compounds are sdiith

the chemical industryand over 90% of pharmaceutical produdtave their active

ingredientin crystalline form(Giulietti et al., 2001) Such significantpropation of

materialsproducedn crystallineform makesthe crystallization procesandoubtedly
stand out fronotherindustrialseparatiomprocesses.

However, crystallization is a very complex process involving variable parameters,

multi-phases equilibriumpolymorphism transformationyuncertain nucleation and

growth kinetics This makesthe prediction, design and control of crystallization
processs very challengingIn order to achievesatisfactorycrystallization product
quality, great effortsare beingnade orcrystallization process development:

U Systematic investigation of variousrelevant process parametessming at
improving operational performancguch as theooling profile,stirring, seeding,
activities @c. (Kim et al., 2003, Kougoulos et al., 2005, Mackellar et al., 1994,
Widenski et al., 2009)

U The application of state of the art process analytical techniquesramess
monitoring and control lIk&TR-FTIR, FBRM, NIR XRD, Acoustic attenuation
technique and Image analysi.(Ma, 2010, Dharmayat et al., 20@&;holl et al.,
2007, Hammond et al., 2007)

U Towards strategy on final product polymorphism manipulation and particle size
distribution controlKitamura, 2009, Kurotani and Hirasawa, 2008, Kougoulos et
al., 2005)

U Implication of the external fieldon crystllization magnetic field, ultrasound
field, electric fieldetc. (Nanev and Penkova, 2001, Dalas and Koutsoukos, 1989,

Kurotani et al., 2009, Revalor et al., 2011)
U Computer simulatioriMa and Wang, 2012, Kalbasenka et al., 2011, Hammond et



al., 2005)
Ultrasoundused as an external factior crystallizationoffers significant potential to
promote and modify the crystallization pess and crystallization products. This
technology is called sonocrystallizatiand has been rapidly developed over the last
20 years. Adrge amount of researalehave revealed thafitrasound affectedhe
nucleationand growth by initiating primary nigation, narrowing metastable zone
width, shorteningnductiontime andacceleratinghucleation and growth ra{®alas,
2001, Luque de Castro and Prie@apote, 2007, Wohlgemuth et al., 2010, Guo et al.,
2006a, Lyczko et al., 2002)ltrasonic irradiation haslso been proven tamprove
the product in terms othe crystal morphology, particle size distribution and
agglaneration(Narducci et al., 2011, Li et al., 2003urthermore ultrasound was
expected to be a useful methodisolating selecive and desired polymorphic form
during crystallizationGracin and Ake, 2004, Gracin et al., 2005, Lekhitanen et
al., 2006, Kurotani and Hirasawa, 20180nd offered an alternativetrategy for
crystallization process contr eliminate the requirement of seedifMarducci and
Jones, 2012, McCausland.L. J, 2001, Ruecroft et al., 2005)
With regard tathe exploit effects described above, cavitation is commonly recognized
as the essentiglusatiorof ultrasonicactions in crystallization. éveraltheoriesand
relative research workhas been proposed toillustrate the sonocrystallization
mechanism, such as the fsmot theory, the surfachemical theory and segregation
model. But the mechanism of sonocrystallizat is up to nownot well understood
andnone ofthetheory can be used to fully explain the sonocrystallization betsavio
becauseof the lack of correlation between crystallizatioaventsand ultrasound
irradiation. Moreover, the ultrasouredfects on c¢ystallization are diverse ardiffer
from the material substance and ultrasonic cond{fonara et al., 2004, Miyasaka et
al., 2006a, Miyasaka et al., 2006b, Chow et al., 2003)
Therefore, Hhough the idea of sonocrystallization is not netwe additional
experimental data anflrther investigation on ultreound and crystallization event

correlation are still needed.



1.2Research Aims and Objectives

This project concernghe robust power ultrasoundassistant -glutamic acid (GA)

cooling crystallization processhich aims to &ucidatethe ultrasound effect omany

aspects of LGA crystallizationbehaviar and the developnent of the

sonocrystallization mechanism. The specific objectives of the researclamork

U Determination ofthe influence of ultrasound irradian on nucleabn, and
elucidatingthe ultrasound powesffectivefactor

U To develop the ultrasonic nucleation mechanism and establish the cavitation
numberand nucleatiomventcorrelation.

U To examinethe crystal growth from bulk solution in ultrasonic field and the
corresponding growth mechanism.

U Numericalsimulaton of ultrasound assisted crystallization

U To investigate the effect of ultrasoumdadiationon the behaviar of polymorphs
and the possibility of applying ultrasound in the LGA polymorphs manipulation.

U0 To study the serviceability of ultrasound irradiation orfinal particle size

distribution and crystal habit control

1.3 Structure of the Thesis

Following this introduction, an extensive description of important fundamental
crystallization theory is given i€hapter 2. From thaucleationkinetic evaluation,
the discussion moves to therystal growth mechanism. fe polymorphism

phenomenomand process analytical techniquesasmintroducedand reviewed

In Chapter 3, the background theory of power ultuashs presentedParticularlythe
focus is on the review gdrevious work on sonocrystallizatiamvestigationincluding
the ultrasonic effects on many aspects of crystallization and pogsibfesed

mechanism®f ultrasound action.

Chapter 4 describethe expermental work including the material examined and

details of analytical techniques utilized in this project.

The basicultrasoundassiseéd crystallization behaviarr of LGA is investigated in



Chapter 5including the metastable zone width, theuation timemeasuremerdand
solubility and supersolubility curves determinationFrom the measuring data,
nucleation parameters and kinetics were determined. The observation of LGA
polymorphs isolated ian ultrasound field with process related conditiosigarried

out.

An attempt to develop thaltrasonicnucleation kineticdby correlatingthe cavitation
collapsing pressure and nucleation rate is presented in Chapter 6. The developed
induction time equation ismplementedto calculate theultrasoundinduced nuclei
numberwhich allows thecomparison otthe theoreticallyestimaged results froman

ultrasound point of view.

Chapter 7 is dedicated to the study of LGA growth frdifferent supersaturation
level bulk solutiors with ultrasound irradiation basezh the seeding processhe
possble growth mechanism under irradiation of power ultrasound is discussed
followed by the investigation of ultrasound effects on particle size distribution and

crystal habit.

From the seeding growth, a population balancelehoonsideringf only the crystal
growth is proposed in Chapter, 8llowing for the validation of growth kinetics

obtained in Chapter 7.

Eventually, the main observation results are concluded, along witugjgestions for
the direction of future work.

A list of references is included at the end of the thesis.

1.4 Closing Remarks

The introduction ofthe investigation background and project motivations and
objectives aralescribedn this chapter. The delivery framework and thesis structure

are also gien.



Chapter 2

Fundamental Theory of Crystallization

Summary: In this chapter, the fundamental theory of crystallization including
nucleation, growth process and the crystal polymorphism are given. The associated

experimental process alytical techniques are also discussed.



2.1 Introduction

Crystallization is the formation process of solid crystals from gaseous phase, liquid or
liquid melt state and in the chemical industry, the most frequent process used is the
crystallization from Ilguid. The industrial scale liquictystallizationmethod including
the coolingcrystallization distillation crystallization, saltingut crystallization and
reaction crystallization which are assorted depend upon the way that supersaturation
was createdA general crystallization process can belepiced in the following

schematicsteps:

Soluble substrates ___ > Nucleation— Crystal growth —— Final product

in solution ivinefor ‘
duivingforce v tal phase Nuclei growth by

formation accumulation of
golutemolecules

Figure 2.1: The general scheme of crystallization process from solution

In this chapter, the fundamentals of the crystallization process, including
supersaturation dnng force, nucleation and crystal growth, as well as the
polymorphism behaviour of crystalsare given. The nystallizationprocess analysis

and characterization techniques associated with the current work are also presented.

2.2 Solubility and Supersaturdion

Crystallization depends on the equilibrium relationship of the solute and solvent,
when a solution is still under saturated condition, the solid in the solution can still
dissolve until it reaches the saturation point where the solid and liquid sstate
thermodynamicequilibrium This point can be represented by solubility which is the
maximum amount of solute dissolved in a solvergaatilibrium Therefore, solubility
represents the ability of a substancaligsolvein solvent and is normallgxpressed

as a function of temperature. However, spontaneous crystallization will not occur in
this circumstance because crystallization required the addition of a driving force to
overcome the energy barrier. The typical solubility and supersolubility diagitann

in Figure 2.2 developed by Miers and Isdlsters and Isaac, 1906, Miers arghac,
1907) in the early 1908 has explained well the supersaturation and spontaneous

crystallization correlation and an important crystallization control parameter



metastable zone width.
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Figure 2.2: The typical solubility and supersolubility diagram

The solubility and supersolubility lines whespontaneousrystallization can occur
divide the diagram into three regions:
U the stable undersaturated zone, where the solution is still under saturated
conditions and no crystallization occurs;
0 the metastdb zone, as the name implies, is metastable and spontaneous
nucleation is not possible but growth may occur;
U the unstable supersaturated zone, where spontaneous and rapid nucleation
can be experienced.
Considering the solution at point A, in this projeat instance, to achieve nucleation
conditions, temperature must be cooled down across the solubility line and further
into the labile zone. The most commexpressioa of the supersaturation level are the
supersaturation ratioS, and the concentration ®mg force, HUC, as shown in
Equation (2.1) and (2.2), respectivéMullin, 1993).

S:% (2.1)
DC=C- C* (2.2)

where C is the solution concentration at the specific temperature Ginds the
equilibrium concentration at the same temperature. Therefore, it is important to
control the width of the metastable zone within a precise scope in order to control the

supersaturatiodependent crystallization. It is worth noting that the nucleatidh wi



not occurimmediately even in the labile zone, owing to the reason mentioned
previously, that the nucleation is a new phase formation process and energy
accumulation is needed to overcome the energy barrier of nucleation. The delay
duration of nucleatin is secalled induction time which corresponds to the time from
the saturated state to the fimtcleusbeing formed in the supersaturated solution. The
value of induction time greatly depends on the supersaturation level, the higher the

supersaturatioratio, the shorter the induction time.

2.3 Nucleation

Nucleation is the first step of crystallization when the solid phase is transformed from
the liquid phase. Figure 2.3 reveals the classification of nucleation according to how

the nucleation takes ma: whether or not the solidterface exists

Nucleation in absence Nucleation in presence
of solid particles of solid particles

\ A4

foreign solute
particles crystals

\ Y
[ Homogeneous ] [ Heterogeneous]
| J

[ Primary nucleation J [Secondaly nucleation ]

Figure 2.3: The schematic presentation of nucleation classification modified from Chow et al. (Chow et
al., 2003, Luque de Castro and Priggapote, 2007)



2.3.1 Primary Nucleation

2.3.1.1 Homogeneous Nuehtion

Homogeneous nucleation normally occurs in a random manner, as shown in Figure
2.4(a). The small solute molecules randomly join together to form a cluster, the cluster
can grow to a larger size crystal only when it is larger than a critical size or a
minimum stable nucleus sizg otherwise it can also reversibly dissolve back to the
solvent. According to the classical nucleation theory root in Gibbs free energy, the

free energyHUG* at critical cluster size reaches its maximum value which is the

sysem energy barrier for nucleation (Figure 2.4(b)).

crystal

molecules cluster

(a) ‘
<t
O
P O

(b) AGguace

&}

2 pel |
Bf i Nucleus size
T 0 *
L
= I, \
@
L
L

=

A Gvolumc

Figure 2.4: The nucleation process (Mullin, 1993). (a) the transition of nucleation; (b) the Gibbs free
energy change at critical nucleus size

If a concept of the workV(n)is adopte to describe the work to form a clusterrof

molecules, it can be presentedldashchiev, 2000)

1C



W(n) =DG,,,.=G, .- G

initial

gibbs = Cinal = =-nDm+ F () (2.3)
where Giina and Ginitia) @re the final Gibbs free energy after cluster formation and the
initial Gibbs free energy before the cluster formation, eespely. The value of
n=1,2,3¢ is the number of molecules in the clustér is the chemical potential for
nucleation normally expressed by supersaturgdiand temperature:

Dm=k;TInS (2.4)
wherekg is the Boltzmann constant and the total surface energy of the diusted

A (n) can be approximated as:

F(n) =@, =ag™” (2.5)
orefers to the interfacial tension between solid and liquid pi#ase the total surface
area of cluster andis the shape factor.

Therefore, the nucleation woM/* which is the energy barrier to nucleate at the

critical nucleus size, can be expressedbynolecules in critical cluster:

Wx =W(n*) = DG* =- n* D+ F (n%) (2.6)
For homogeneous nucleation, assursptzericakrystal,
3
n* = @ (27)
27Dm

Combining the Equations (2.4), (2.5), (2.6) and (2.7) and taking into account

thata® =32pv?, the nucleation workV* is found to be:
2

W= Bk:Z?'OZV(CIgBS)Z @9
The nucleation ratd, defined as the number of nuclei formed per unit time per unit
volume, is generallgxpressedy:
Jiom=AXPEW*/K,T) (2.9)
which is applicably used in any kind of nucleation and in which thesppenential
factorAis defined by:

A=zf*C, (2.10)
Typically, the value ofz lies in the range 0.01 to 1, the concrete kineticin
sh:1<f*<10?and the nucleation volume on the old ph&sen m?® is between 18

and 16°. Thus, Equation (2.9) becomes:

_ 160 79’
Jhom = AXD (3k53T3 n S)2) (2.11)

11



The above equation indicates that the crystallization temperature, the interfacial
tension and the solution supersaturation are three main variables govern the

homogeneous nucleation rate.

2.3.1.2 Heterogeneous Nucleation

Homogeneous nucleatioin practical crystallization processes is actually highly
unlieable due to the fact that avoiding impurity during the process is impossible. As
stated previously, heterogeneous nucleation involves foreign solid interface which
acts as heteronuclei thatéduces the free energy to a certain extent. Its effect on
heterogeneous nucleation exhibits in terms of interfacial ten@fohmer, 1939,
Mullin, 1993). In view of a crystallizatio solution, as shown in Figure 2.5, the
presence of foreign particles results in a contact angle between thergstialine
phased and the foreign solid surface, which corresponds to a smaller interfacial
tension Jefeciive IN COMparison to the interfacial tension involved in homogeneous

nucleation:

geffective =Y ue (Q)g (2 . 12)

wherey (d) is the activity facto® @ ( @ Jeflecting the extent of wetting between the
liquid-solid phase expressed as:

Y (g) =5 (2+ cosq)(1- cosg)’ (2.13)

Thus, in complete newetting where d=180, %fecived and nucleation is
homogneous; ircircumstance of wetting anglel<18C, dfecive<d and deducing the

heterogeneous nucleation.

Liquid Crystalline

Substrate

Figure 2.5: lllustration of foreign solid particle in crystallization system
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To evaluate the heterogeneous nucleation rate from Equation (Délipterfacial
tension termois simply replaced bgseciive

160 /L]z geffectiv:

hia = AR 5 ) (2.14)

Considering the different energy barriers involved in homogeneous and heterogeneous
nucleation, it can be speculated that bgeneous nucleation dominates at relatively
high supersaturation, while heterogeneous nucleation dominates at low
supersaturation. Recetfteoreticalnucleation studies on consideration of the pressure
effect were given by Kashchidiashchiev and van Rosmalen, 19984 performed

in this work for sonocrystallization nucleation kinetic development.

2.3.2 Secondary Nucleation

For low supersaturated solutions, primary nucleation is not favoured, but secondary
nucledion, which is catalyzed by the presence of solute crystals and associated with
lower activation energy, ipreferred There are two possibilities that secondary
nucleation occurs, either from the added seed crystals or from the existing crystals in
the syersaturated solution. Some of the mechanisms are advanced to describe the
secondary nucleation, such imgtial breeding, needle breeding, contact nucleation,
fluid shear nucleation.

The initial breeding nucleation, also known as dust breeding, is defiyed
StricklanConstable (StricklandConstable, 1972)as the formation of crystals
resulting from the microcrystals that have been swept away from the surface of seed
crystals. Treated as the nuclei foogth, the size of the fragments must be over the
critical nucleus size and if the immersed solution is supersaturated, the
microcrystalline will grow and plays no role in operation as it is supersaturation
independen{Girolami and Rousseau, 1986) the needle breeding mechanism, the
nucleation isinitialized when the needle fragments desquamate from the growing
crystals in hgh supersaturation solution and act as nuclei. The contact nucleation
mechanism occurs due to tbellision or fluid sher force when crystals contact with

the crystals or impact with theesselwall or agitator. In this case, the number of
crystals creatd depends on both the supersaturation and the fluid m@tmmpson,

2001)



2.3.3 Nucleation Kinetics EvaluationN T vd Method

Since primary nucleation in the actual crystallization process is believed to be
heterogeneous rather than the homogeneous, the only justifiable empirical correlation
for direct primary nucleation evaluation for real industrial systeni$lisv | mietbosl
(Nyvlt, 1968)

J=k DC_" (2.15)
The nucleation raté, the generated nuclei mass per unit mass of solution, is written
in terms of the nucleation constdgtand the apparent order of nucleatmanvith the
maximum allowable supersaturatiboC,,.xexpressed as:

dC*
dT

DC e = (—7) DT (2.16)

where C* is the equilibrium concentration at temperatireand HiTmax iS the
maximum undercooling which is the difference between the saturation temperature
and cystallization temperature (the metastable zone width). Assuming that the
nucleation is driven by cooling, the nucleation rate can alstebterminedrom the

cooling rateb, the temperature change per unit timye- d%t:

dC* & (2.17)
a7

where U is the correlation factor for equilibrium concentration change with

J=e

temperature. Combining Equations (2.15), (2.16) and (2.17) yields:

dC* dCc* .,
k DT _J"=e ) 2.18
)Pl = 67 = (2.18)
Taking logarithms of both sides of Equation (2.18deto:
logb =(m- 1)log dd(;l' - loge+logk,, + mlogDT__, (2.19)

which is also known agN T v | Bguatsord and has widespread use for primary
nucleation kineticsdeterminationby measuring themetastablezone width with
different cooling rates. This method was penfied in basic experimental part of this
work for sonocrystallizatiorkinetics evaluation presented in Chapter 5.

According to the classical relation of Equations (2.11) and (2.14), two important
nucleation parametersyterfacialtension and critical nuels size, can be determined
from primary nucleation rate. However, direct measurement of nucleation rate is

difficult and the mostconvenientmethod is to measure and calculdtem the

14



induction time which isnverselyproportional to the nucleation ragullin, 1993}
(3 (2.20)
Based on the homogeneous nucleation motgarithnic induction time and

nucleation gives:

1

—_ 2.21
T%log® S ( )

|Og tind ’

Therefore, plotting logq versusT log?Swill result ina straight line with a slope @b
which allows for evaluation of interfacial tensiomand hence the critical nucleus size

I

(=298 (2.22)
keTInS

It is worth noting thatN T v ImetBosl proposetiere is established upon some of the
assumptions and simplificatioQ Mu | | i n and Jan| i:1) thel 979, L
calculated nucleation rate equal to the rate of supersaturation at the moment nuclei are
detected; 2) the measured induction time corresponds to the first nuclei generated

from the supersaturated solution and does not account for the partial growth time; 3)

the sphericalnuclei are isolated. Nevertheless, this is still the preferred and the most

capable method for nucleation proc@sgestigation In Chapter 6, the time allowe

for nuclei to grow to a detectable size will be taken into account in nucleation rate

evaluation for a more accurate assessment on sonocrystallization.

2.4 Crystal Growth

After formation of nuclei, the crystals will grow by ordered deposition of thetesol
molecules diffused from the solution and cause itftgeasein crystal size. The
growth process comprises a serieseparatedteps, as illustrated in Figure 2.6(a): (1)
the transportation of solute molecules to the surface boundary layer; (2)odififs
molecules through the boundary to the crystal surface followingsHickw based on

the concentration gradient; (3) adsorption on the crystal surface; (4) surface diffusion
to the energetically favorable sites; (5) attachment to a step or edgdiffi€)on

along the step or edge; (7) incorporation into kink site. Likenti&eationprocess,
crystal growth is a dynamic process with attachment and detachment occurring

simultaneouslyeven at the equilibrium state, as is shown in stepddgprptiorfrom



the crystal The free energy barrier to be overcome for associated growth steps are
shown in Figure 2.6(b). Larger free energy is usually required for steps like the crystal
adsorption, the step or edge attachment and the kink site incorporation.

Recardng the above steps of crystal growth whadturin series, the slow process is

the growth rateletermined factor and the crystal growth can be eitliusion
control when steps (1) and (2) are slowest or surface integration control when steps

(3)-(7) are slowest.

o )

<

Adsorption barrier

Step edge barrier

Transport barrter

N

Incorporation barrier

Diffusion barrier

Associated energy

Diffusion
barrier

Figure 2.6 (a) Schematic representation of steps involved in crystal growth; (b) The energy landscape
for processes depicted in physical landscape (a). Figure modified from (Cubillas and Anderson, 2010,
Yoreo and G, 2003

During the gowth, the growth rate at each crystal face can be different and makes the
growth become the key issue determinirg the habit of the final crystal product.
Generally, the most rapidly growing faces are those smaller and less well developed

faces on whictthe interaction bond is relative seciidoreo and G, 2003)The face
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growth of the crystal not only depends on the mass transform from theddution,

but also the crystal surface structure of the growing interface. Three basic types of
surface structure result in the main growth models: normal growihnAcleation
growth and screw dislocation growth

2.4.1 Normal Growth

The secalled normalgrowth is also known as continuous growth in which the
growing surface is molecularly rough and preserves this structure through the process,
and due to the roughness of the surface, every molecular site on the crystal surface
can be regarded as the grbvgite at which building units from the solution can be

incorporaed, as seen in Figure AKRashchiev, 2000)

Attachment (_TC

Detachment

e T

Figure 2.7: The molecular rough crystal surface advanced by normal growth

Therefore, the continuous growth normally associates with the available low energy
integration site anteads tothe corresponding crystal growth rate depegdinearly
on supersaturationin a range of smalsupersaturatian (S<0.2T) (Nauman, 1972,
Randolpha and Larson, 1971, Kashchiev, 2000)

G; =k,S (2.23)
wherekg is a kinetic factor characteristic for continuous growth and the growth is
diffusion-controlled.
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2.4.2 2D Nucleation Growth

Unlike growth from a rough face, the crystals are growing on a molecularly smooth
face in a 2D nucleation growth mé@nism. KosselKossel, 1934proposed a model

of crystal surface made of monatomic height layerddgmct the possible adsorption
sites for growth unit incorporation. As is depictedHigure 2.8 there are some kinks,
steps, growth units and vacancy on the surface which provide different numbers of
available interaction sites for incorporation. Clearly, the kink has three sites and is the
most energeticallyavorableand offers the m&i stable configuration for attachment

of growth units. These kinks will move along the step and eventually finish the face
growth. A new growing step could be then generated-Byrn2icleation on the surface

of the crystal.Similarly, a threedimensional rystal surface oK, S andF faces
introduced by Hartman and Perdoghartman and Perdock, 1958)so delivers the
same bonding energy concept for growttit @dsorption. The flat F face requires the
surface nucleation of-B nuclei or screw dislocations to ensure the available steps

and kinks.

Kinks

Molecular unit on the terrace

vacancy i

Figure 2.8: The schematic representation of the Kossel model of crystal surface

In the 2D nucleation growth nehanism, VolmernMolmer, 1939)suggested that a
monolayer island nucleus isrfoed on the existing layer and becomes the continuous
source of new steps and kinks to grow and spread across the surface. This is why the
2-D nucleation growth has another name of the birth and spread growth. In addition,
the spread -D nucleus can be ftiver distinguished to mononuclear monolayer
growth, polynuclear monolaygrowthand polynuclear multilayer growiliKashchiev,

2000) The 2D nucleation growth is only expected to occur at relatively high

supersaturation solutions due to the high energy barrier discouraging surface
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nucleation, thexpressionof its nucleation rate is:
Ge = konS™* 0Pf ) (2.24)

where theksyandD are the systemelative nucleation parameters.

2.4.3 Screw Dislocation Growth

For crystals grown at the low supersaturation lelednk (Franck, 1949postulated

that screw dislocations emerge on the surface resulting in the presence of spiral steps
at which incorporation of growth units take place. iBsshown in Figure 2.9the
emergent step extends over the surface when its length is py&rmRd creates the

next growth step. Based on this, the growing surface in this growth mechanism is
between the extremes of completely rough (the continuous lgy@amtd smooth (the

2-D nucleation growth). The screw dislocation theory was later developed by Burton,
Cabrera and FraniBurton et al., 1951)giving rise to what is known as the BCF

relationship to express thercelation of the growth rate and supersaturation:
G. =KseS? tanhg) (2.25)

where theksg andD are complex temperatudependent constants adds S1. It is
worth noting that each crystal has its ogrowth rate depending on the specific

dislocation structure in the spiral growth mofi@avey and Garside, 2000)

I
(a) (b)
j
P

(c) (d)

Figure 2.9: Development of growth spiral initiated by screw dislocation (Cubillas and Anderson, 2010).
rp*: the critical nucleus size 2-D nucleation growth
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2.5 Polymorphism

The word @olymorphisnd comes from the Greek dainany form§ and just as it
suggestspolymorpls are those crystals having the same chenticalpositionbut
different internal crystal structures in the lattiegher due to the different molecules
arrangements or the different molecutaanformationwith varied torsion angles.
Polymorphism occurs frequently in solid state compounds, especially in
pharmaceutical substances and over one third of the organic eodgp@xhibits
polymorphism (Gracin and Ake, 2004)The crystal polymorphism control is of
tremendousmportance in the pharmacezdl industry because the polymorphism
affects the physical and thermal properties of compounds such as the melting point,
solubility, morphology, compressibility and hence the industrial handling processes
and the bioavailability

There are two types of panorphism system known as monotropic polymorphism
and enantiotropic polymorphism. In terms ofutulity, as seen in Figure 2.1@he
metastable polymorphic form sform, with higher solubility than the stabl&form

at the full temperature range for the monotropic polymorphism system and the
transition of polymorphic forms is irreversible. For the enantiotropic polymorphism
system on the other hand, there is a sir@s point on their solubility curves, under

this critical temperatureb-form is the stable form with smaller solubility but it
becomes the metastable polymorphic form when the temperature is above the critical
temperature point. Based on this, it came dexluced that the transition of

polymorphic forms in enantiotropic system is reversible.

Solubility Solubility b
/ U

v Tc

Temperature Temperature

Figure 2.10: Solubility curves of monotropic polymorphs (left) and enantiotropic polymorphs (right)

2C



From the energy point of view, seenFigure 2.11 the metastable-form, with lower

free energy barrier, will be crystallized first. Consequently, the transformation
behaviour of polymorphs eitherccurredin solid state or via the solutiemediated

path, following the well knowdOstwalds rule of stagdésvhich stateshat rather than

the direct formation of the stable state, the metastable polymorph is formed first then

transforms into the stable form during the crystallization progéatin, 1993).

Reaction coordinate

Figure 2.11: Free energy barrier associated with crystallization of polymorphs adapted from (Bernstein,
2002)

The controlstratey of polymorphism in the crystallization procesmdoe illustrated

by Figure 2.12 In virtue of the solubility differences of polymorphs, desired
polymorphicform, can be obtained by careful control of temperature and solubility.
During the crystallizatio process, the controlling factors can be some basic, but
important operating parameters such as the temperaturesupersaturatiorand
mixing condition. The cooling rate is another primary control factor that
simultaneouslyaffects and changes the tem@ture and solution supersaturation
hence determing the formation of polymorphs. To produce processing favour
polymorphicform, seeding is possibly the most effective method in the crystallization
process. The other external factors such as externdahsgbs of solvent, or additives
and the pH value control, are also the influential factors for polymorphism control.
The ultrasound field, as studied in this project, is considered to be a potential and

challengng control task fopolymorphismcrystallizdion.
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through crystallization
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* Stirring and mixing

U Y,

Figure 2.12: Polymorphism control strategy in the crystallization process modified from (Kitamura,
2009)

* Seeding

About the polymorphs of-glutamic acid (LGA), it is known that LGA is a typical
dimorphic amino acid with the kinetics favour metastdbferm in prismatic shape
and the thermodynamic staldeform in needldike habit. LGA transformation was
systematically studied by Kitamuf&itamura, 2003, Kitamura, 1989, Kitamura and
Funahara, 1994, Kitamura and Ishizu, 2000, Kitamura and Nakamura, 2001, Kitamura,
2009) He pointed out that the polymorphic transformation of LGA was
solutionmediated anctan be affected by crystallization temperature additives
Above a temperature of 4G, only the needlike b-form was isolated and when
crystallization was lower than 25, the crystals produced weltform predominant.
With an increase of additive-Bhe concentration, the nucleation and transformation
Other stud{8skata, 1961, Liang et al., 2003,
Mougin et al., 2002¢xamined the cooling rate effect oglutamic acid polymorphs

of b-form crystals were hindered.
formation and found thdi-form was generated by using a slow cooling rate while the

Uform can be obfaed with rapid cooling. On the other hand, Ni et al. proposed that

with fast cooling rate and crash cooling, they still failed to proditem I-glutamic
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acid even above 486 (Ni et al., 2004)

According to Ostwal® step ruletheoreticaly, the stable form igreferentially
generated at low supersaturatitbecauseof the supersaturation ratio difference
between theompetitivepolymorphs. On the other hand, high supersaturation leads to
the precipitation of less stable polymorphic formttae interfacial energy difference
becomes relatively dominatd&itamura, 2009) In practical research, the intensive
effect of solution supersaturation was observed for the determinaticglafimic

acid polymorphs: a high concentration condition was favouredHioym and low to
medium concentration waseferredoy Uform (Ni et al., 2004) Whereas Kitamura
demonstrated that the precipitation of LGA polymorphs was supersaturation
independentKitamura, 2003) Molecular modelling study oénergeticstability of

LGA given by HammondHammond et al., 2005gvealed that the metastakhkéorm

was theenergeticallystable form at small nucleatiaruste size and, hence, should

be anticipated at the high supersaturation where the cluster size was expected to be
small.

Since theb-form crystal was known to grow on the surface of the preforthteaim
crystal (Kitamura and Funahara, 1994, Garti and Zour, 19%®umentsas to
whether the agitation factor enhances the polymorphic transformationopeosed:
works proposed by Ferraffrerrari and Davey, 2004and Roeland¢Roelands et al.,
2007)insisted that intensified mixing would result in the enlarged surface area on the
metastabld}crystal for theb-form nucleation. Cashell et al. suggesthat agitation
wasadequateo destroy the crystallographic facetdform crystal where thé-form
nucleatedCashell et al., 2003)

As stated above, various aspects of operating condition of crystallization are of
importance and can potentially influence and determine the dgnlemaviour of
I-glutamic acid polymorphism but the current experimental outcome from different
researchers still under dispute. Therefore, additional experimental data of these
effective factors is necessary. Furthermore, so far no literature has beeeddp
investigate the external ultrasound irradiation effect-glulamic acid crystallization

and polymorphism. The corresponding studies will be given in this project and

described in Chapters 5 and 6.



2.6 Crystallization Process Analysis and Charderization
Techniques

A vastarray of process analytical techniques exist, characterization, measurement and
analysis of every aspect of chemicals during the crystallization process
(on-line/off-line) to control the process, monitor the condition anduensghe final
product quality:

U Thermal techniquesDifferential Scanning Calorimetry (DSC) and Thermo
Gravimetric Analysis (TGA);

U Spectroscopic techniques: UX&sible Spectroscopy, Attenuated Total
ReflectanceFourier Transform Infrared instrument (ATIRTIR), Near Infrared
Analysis (NIR), Roman Spectroscopy;

i Optical and diffraction techniques: -bay Diffraction (XRD), Focus Beam
ReflectanceMeasurement (FBRM), MasterSizer, UltraSizer;

U Chromatography techniques: Gas Chromatography (GC), High Pressure Liquid
Chromatography (HPLC);

U Image technique: Optical microscope, Morphologi 3, PharmaVision System, High
Speed Camera.

The general introduction and principlgescription of the techniques of XRD,

ATR-FTIR and FBRM which were utilized in this study are presehiee and the

corresponding instruments are detailed in Chapter 4.

2.6.1 X-Ray Diffraction

The xray diffraction method isn indispensable analytical tamhd a nordestructive
techniquefor solid state material structure study in pharmaceutical sciande
engineering The diffraction phenomenon occurslue to the interference of a
scattering incident beam passing through the atomic plane. @ragw has been
proposed and developed to explain how thayreveals the lattice structure of the
crystal. Cansidering theparallelrays X and Y are incident with an angle ébfand
scatter from the successive and inerratic latptane, as shown in Figure 2,1Be
difference of two ray@path lengthAB+BC can be expressed with the incident artfjle
and the spanig between planas:

AB+BC =2dsing (2.26)
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The constructive interference occur only when
n/ =2dsing (2.27)

wheren is an integer number ars the radiation wavelength of the order of'1.

X
v
B
Uponplane @ ® - @
9 d

. A C

adjacentplane @ ® L@
B

Figure 2. 13: Derivation of Bragg®6s

Thus, the constructive and destructive interference waves from different lattice planes
result in the intensity peaks at certain angles and prdumgeiprinting diffraction
patterns for specific crystal structure. The output data-dyxdiffraction is the
intensity as a function of angle d2 and with the combination ofcharacteristic
radiation wavelength peak position, width and intensity, the crystal structural
properties and chemical information such as the compound identifid&uoat al.,
2009) crystallographic orientatioffNunes et al., 200]1)particle size and strain
analysigWang et al., 20119an be characterized and determined.

In this project, the xay diffraction technique was employed in the application of
crystal polymorph identificationt has been reported to use-lore for polymorphic
form monitoring and identificatioHammond et al., 2004, Davis et al., 20@8y it
can also be coupled with @ime video microscopy to observe the phase

transformatio of pharmaceutical substan@harmayat et al., 2006)
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2.6.2 Attenuated Total Reflectancd-ourier Transform Infrared
Technology (ATR-FTIR)

Infrared Spectroscopy permitting quantitative and qualitative analysis in the process is
based upon the principle that electrometric infrared radiation, whose wavenumber
ranges from 4000 to 400¢mcan be absorbed aimteractwith the dipole atom when

its dipole moment of the bond changes due to the vibration. Since each bond has a
particula resonance frequency at which the infrared radiation is absorbed, the
analysis of the infrared spectrum yields the information of bond strength and system
mass charg under inveggation, as shown in Figure 2.14nd therefore can be
applied for identification of functional groups. Moreover, different polymorphic forms
give rise to slight differences in the vibrational structure, which makes infrared

spectroscopy alscapable for structure or polymorph identificationfimgerprinting

Polyethylene (@)

o

=
~—~
O
~

=)
o
el

=
—
o
=
=
-
%

Absorbance
o
=
~

=}
o

Methylene roling vraton

0 j

0.19

1 Nehylene seissorng vbrfon %

(H steteing vbrafio— | 018 10
| ‘ ‘ 1200 1250 1300 1350 1400 1450 1500

(il

(] Wavenumber{cm-1)

m Wavenumbelem-1]

Figure 2.14: Examples of infrared spectrum analysis: (a) Polyethylene infrared spectrum for stretching
vibration (Jasco, 2008); (b) Infrared spectrum of different concentraigbmadmic acid in aqueous
solution at 50°C (Ma, 2010)

Fourier Transform Infrared is one of the infrared spectrometers that simultaneously
collects all the frequency interferogram and the resultant interferogram transforms to
single beam spectrum by mathatically extracting the individual frequency via fast
Fourier transform. The Fourier Transform Infrared attaching with attenuated total
reflectance sampling probe, known as AFRIR, is also a noiwlestructive tool for
surface information collection. There no need to prepare the sample which allows
direct realtime measurement @fqueoussolution and solid samples that are difficult

to measure using the thin film method or the insoluble, infusible and gel substances

(Jasco, 2008)Figures2.15 illustrates the ATR probe prism in the aqueous solution,
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although the infrared beapenetratesnto the medium through the reflection surface
with a penetration depth of a few microns,is totally reflectedinside the zinc
selenide crystal and cotieby the detector.

For its application to crystallization, AFRTIR was proved to be a promising
technique for sufficiently accurate and precise determination of the solubility,
supersaturation and the metastable zone [Buiinuwila et al., 1994, Dunuwila and
Berglund, 1997)Latterly, Lewiner and Klein presented a calibration procedure study
to measure the supersaturation during the cooling solutigstatlization process
(Lewiner et al., 2001b)As an extension of former work, Lewiner and Fevotte adopted
ATR-FTIR to monitor the organic crystallizatiomgzess aiming at improving seeding
conditions and the final particle size distributibewiner et al., 2001a)Other
research work used the measured solutoncentrationas a feedback variable to
maintain the supersaturation dgi crystallization and successfully utilized
ATR-FTIR for crystallization process monitoring and cor{ttblan, 2008, Ma, 2010)

Detector Radiation source

Zn-Se crystal
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Figure 2.15: The attenuated total reflectance probe in-Bqlia! slurry

2.6.3 Focused Beam Reflectance Measurement Technology (FBRM)

Focwised Beam Reflectance Measurement (FBRM) is a prbbedd reatime

particle number and dimension analysis technique based on the principle of tsackwa
light scattering. Figure 2.1ilustrates the operating schematic of a FBRM probe, the
laser light travis down to the probe and focuses through a septésto a light spot,

the optics are rotates at fixed high velocity and the focused beam then scans in a
circular path outside the sapphire window. Since laser beam is much faster than the

particle movemset in the solution, the particle that passes the window and interacts
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with the scan path can be treated as essentially fixed during the measurement and
giving a backscattering light to the detector. Hence, the velocity of laser multiplies the
measured timgiving a distance known afhord lengtbwhich is the straight line
between two random points on the particle edge.

- -
// Del\ector Fiber Optic \\_
¢ Laser w ; K
;’, Diode Beam Splitter \\
/ —Laser Beam

Sapphire ' R ﬂ N
‘u"\,"lndow 1 K Scan Direction

| Optics I - . . >
] Rotatll‘lg at | ‘&—— Typical Particle
b a Fixed High {
1"\ \Iielocm“f Jll-" Chord Length
\ P o j} ‘\m/ensny’ Profile
\ robe at approx. PERS S
. 45 angle to turbulent , T -

~ well-mixed flow. /s

Duration of reflectance = Chord Length

;:)gou;)e 2.16: The ceway schematic of the Focused Beam Reflectance Measurement probe (Haley,
The Focus Beam Reflectance nwthprovides the chord length information of
particles ranging from 0.2%n to 100@m. Other oAdine measurement techniques,
such as ATRFTIR and PVI, has been used together with FBRM in crystallization
process to monitor the solid pha@adayyon and Rohani, 1998, Sparks and Dobbs,
1993, Barrett and Glennon, 1999, Lindenberg et al.,, 2G08) crystal habit
progressio(Kougoulos et al., 2005, Monniegt al., 1997) and determind the
crystallization kinetics and onset of particle formaganoll et al., 2007) In this
work, FBRM was applied to verify that no nucleation occurred during seeded growth

measurement.
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2.7 Closing Remarks

This chapter started with the concept of supersaturation and its importance through
the crystallization pcess followed by the introduction of the principles behind the
nucleation and the crystal growth of crystallization. The polymorphism and brief
review of L-glutamic acid polymorph synthesis in crystallization, together with the
additional crystallizationprocess analytical techniques were also discussed. This
chapter provides a fundamental knowledge of crystallization and process background

for sonocrystallization investigation.
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Chapter 3

Fundamentals of Power Ultrasound Science
and Engineering and Its Usage In

Crystallization

Summary: The fundamental acoustic theory including the bamiceptof power
ultrasound andcavitation phenomenon, the precipitation, growth and collapse of
cavitation bubbles, and the accompanying atioeffects is introduced. It is followed
by a comprehensive literatureeview of power ultrasound application in
crystallization.
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3.1 Introduction

Since the first commercial application on the depth estimation in the earlys1900
ultrasound has beenamgnized as being a distinctive technique usedneadical
diagnoss field and by the chemical industry. Power ultrasound, as a member of the
ultrasound family, has attracted more and more attention from scientist in recent years
due to its great potentiah broad variety of processes in tbleemicalindustry, such

as the crystallization process. In this chapter, some fundamental knowledge of
acoustic theory is given for a better understanding and insight of power ultrasound

and its physical and chemicafesfts through the processes.

3.2 Acoustic Theory

3.2.1 Power Ultrasound

Sound can travel through the medium via a vibration motion, as a wave with a
specific frequency. When the frequency is low, the sound is audible at about 16 Hz,
but it becomes more fficult to sense by the human body when the wave frequency
exceeds the human hearing threshold at 20 kHz. Thereforinabeible sound of
frequency above 20 kHz is defined as ultrasound. A classification of sound based on
frequency and its usage is shown Figure 3.1. Power ultrasound refers to the
frequency range between 20 kHz and 100 kHz ahdoiady utilized by the chemical

and allied industries such as in plastic welding, cleaning, cutting and processing
(Mason, 1999) The ultasound frequency range extended to 2 MHz is currently in
specific use for chemical synthesis (sonochemistry) and the field of therapeutic
medicine. High frequency ultrasound from 5MHz to 10MHz is low in power or
energy which is extremely useful diagnastic analysis, for example for infant images.
The project study focuses on the power ultrasound used as an external effective factor
to affect the crystallization process and the relative detailed literature review is
described in Chapter 3, Section 3.3.
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16Hz 20kHz 2MHz 10MHz

100kHz  5MHz

Human hearmg 16Hz~20kHz

Conventional power ultrasound - 20kHz~100kHz
Range for sonochemistry - 20kHz-2MkHz
Diagnostic ultrasound [ SMHz~10MHz

Figure 3.1: Classification of sound frequency

3.2.2 Cavitation

Like other sound waves, ultrasound is transmitted by alternately stretching and
compressing the medium molecular structure and applyeggativeand positive
pressureo the liquid medium dunig which liquid molecule oscillation is generated as

a result. Under the conditiors high negative pressure which is sufficiently great to
destroy the attraction and pull the liquid molecules apart, the liquid is broken down to
create cavitation bubblesat the rarefaction cycle, as can be seen in Figure 3.2
(Timothy J.Mason and Peters, 2002) is worth noting that if the ultrasound
frequency is of the order of malgertz, thecorrespondingarefaction cycles become

too short to generate cavitation bubbl€seoretically the negativepressure required

to produce cavitation in pure water is as high as 10000(stamson, 1991) The
pressure allows cavitation propagation in water but it is considerably much lower in
practice due to the presence of dissolved air bubbles or tipgrsted particles which
reduce the tensile strength of water and act as the cavitation (ialeithy J.Mason

and Peters, 2002)

After the heterogeneodsucleationin the rarefaction cycle, cavitation bubbles are
compressed, the gas pressure inside the bubble is higher than the outside pressure,
hence diffusing out of the bubble. The bubble is shrinking in the compression cycle as
a result while expanding again inmet rarefaction cycle. It is known thaiffusion flux

is proportional to the bubble surface area. Since the surface area in the rarefaction
cycle is larger than that in the compressignle, the gas diffusion into the bubble is
greater than the diffusioout and the cavitation bubbles are recognizeeventually

grow and collapse, see Figure 3.2.
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Figure 3.2: The propagation, growth and collapse of cavitation bubble (Mason, 1999)

Table 3.1:The main differences between stable and transient cavi@tiom-McGarva, 2004)

Stable cavitation Transient caviation
Oscillates (often notinear) around some Oscillates to many times more its equilibrium
equilibrium size radius before imploding
Oscillates for many cycles Oscillates for only a few cycles
Relatvely permanent Relatively short lived

Sufficient time for mass diffusion of gases in & Insufficient time for mass diffusion of gases
out of the bubble

Gentle collapse Violent collapse
No shock wave, no hetpot, little fluid flow Shock wave, hespotand high fluid flow
No sonoluminescence Sonoluminescence

Two distinct types of cavitation were introduced by FlIyRtynn, 1964)to describe

the extremes of bubble behaviowtable cavitation and transienavitation The
stable cavitation bubbles are usually produced at low intensities, pulsating, about
some equilibrium size over relatively lifetime of many cycles before they reach the
maximum size. The transient cavitation bubbles absorb energy from the ultrasound
waves and grow to a maximum size, at least twice ohit&l size, within a few
cycles then collapseolently. A summary of the main differencbstweenthe stable

and transiencavitation is listed in Table 3.1.

Figure 3.3 shows the raditisne plot for different initial size bubbles in a 10 kHz
ultrasound fieldFor those larger bubbles with a slower response, the time is not long
enough to allow bubbles to grow as much asairsingle cycle and bubbles
consequentlytake many cycles to reach the maximum size. On the other hand, the

smaller bubble size the more rapid in the timescale over which it responds. The small



bubbles are able to grow to a very large size and store much energy which
releasewiolently in collapse. It can be seen that in a particular ultrasound field, large
equilibrium radius bubbles are more likely to undergo stable cavitation, whilst the
smaller bubbles undergo transient, and there exists a thrastubls for a bubble

denotes the transient cavitation and stable cavitation tranfitoghton, 1997)
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Figure 3.3: The radius/time predictions for four bubbles of progressively smallems&zd GkHz
sound field (PA=24 barEqui | i bri um bubble radii are (a) 60 &m,
(Leighton, 1997)

The transient cavitation used to be regarded as the orggin@ of spectacular effects

in sonochemistry; nowadays, the stable cavitation is also believed to make a
significant contribution to the overall sonochemical eff€Gimothy J.Mason and
Peters, 2002)Therefore, although the fundamental concept of the transient cavitat
and stable cavitation is different, the cavitation effect is the overall effect with no

concern for distinction between the two cavitation types in sonochemistry.
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3.2.3 Cavitation Bubble Collapse

When a cavitation bubble is overgrown, it no longésorts sound energy as the
elastic energy has exceeded the state that it can sustain and experience collapse. The
RayleighPlesset equation which depicted the bubble raime curve over the
collapsed phase was introduced by Noltingk and NepgMa#tingk and Neppiras,
1951)to describe the motion of a spherical bubble in an applied acoustic field in an

incompressible liquid:

é

m 12 > AR 8 <
RRE(R =R +20. p)xd - 2. apR - p+p) (3.)
2 rg R, ¢cR+ R R H

2
is the acceleration of

1 11
where R:C;—I? is the avity bubble wall velocity, R= e

the cavity wall,R is the cavitation bubble radiuB; is the equilibrium bubble radius
under ambient pressuiig; is the ambient pressur@, is the vapar pressure of liquid,

2 is the liquid surface tensiorK is the polytropic index of the gag,is the liquid
viscosity, Pa is the amplitude of the wdsound driving pressure retag to the
ultrasonic system power arf®}, is the applied acoustic pressure which varies with
time.

Corsider an emptyavitationbubble collapsing completely from its maximum size
Rm, by neglecting the effect of surface tension aaplaur pressure in the liquid which
is likely to be present in the bubble, the collapsing tithean be estimated by
(Timothy J.Mason, 2002)

to 0.915|zn(%, )z (3.2)

wherej is the density of the liquid arfél, is the pressure of the liquid. For the vapour
filled transient bubble collapse, the above correlation is modified by dshew
(Khoroshev,1963)

t = 0.915Rn(%,m)1’2(1+ F%m) (3.3)

In presence of the acoustic fieldy, is the sum ofP, and P, while in absence of
acoustic fieldPr, is equal to the hydrostatic presste

Theoretically considered by Noltingk amdeppiras(Noltingk and Neppiras, 1951)
and Flynn(Flynn, 1964) laterseparatelyoy Nepiras(Neppiras, 1980Q)the maximum

temperatur@ naxand pressurBnax of an adiabatic transient cavitation bubbtdlapse



at the moment of collapse can be calculate(Toypothy J.Mason, 2002)

eP.(K-Dq

Tmax = O\l MU (34)
i P
. ~K/I(K-1)

P = F,\leF’m(K 1)3 (3.5)
| P vy

whereTy is the ambient temperatur,is the pressure in the bubble at its maximum
size and usually assumed to be equal to the vapour prégsii@s high temperature
and pressure energy will release duringuiodent collapse of transient cavitation and

affect the surrounding environment.

3.2.4 Effects Caused by Acoustic Cavitation

The generation, growth and collapse of cavitation bubbles lead to a series of physical,
chemical and biological effects on the surroundinfyition. To expound those effects
accompanied by cavitation, some competing theories were proposed from different
aspects. Lepoint et alLepointMullie et al., 1996)suggested that the plasthased
high-energy sparks triggered off under high pressure during the collapse was the root
of singlebubble sonoluminescence. The electrical theemyphasizeshe strong
electrical field which developé during the asymmetric collapse was proposed by
Margulis (Margulis, 1996)

The most popular theory is the Hspot theory which focuses on the high
concentrated energy release from the collapsing bubble createing a drastic local
condition of extremely higtemperatureand pressure. This is also believed to be the
most acceptable theory for sonocrystallization mechanisterpretation and
mechanicakoncernof this researchproject. A temperature of around 5000K for gas
phase of hot spot was experimentally estimated by Sussicky sonoluminescence as

a spectrosquic probe he pointed out that the liquid shakmperature surrouirtdy

the collapsing cavity was about 1900K within a period of 100nshande deduced

that cooling rates of process were more thatf K#s andthepressure inside the
bubble wascalculatel to beup to 1700 atn(Suslick, 1989) Similarly, the internal
temperature and pressure associated with bubble collapse were proved to be up to
2900C and 419 atm (Apfel, 1997) The strong pressure is first generated in the
liquid shell surrounding the transient bubble and then released as a form of shock

wave attributed to the abruptly halted bubble wall by the compressed bubble contents
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and travels from the collapgj centre. Theschematic representation of the
development is shown in Figure 3.4.
The pressure wave

——

m ﬂ The shock wave

|

Figure 3.4: The schematic representation of the development of shock wave

Bubble collapse

As noted by Lauterborn and Of@hl et al., 1999, Lauterborn et al., 1998) shock
wave @n be experimentally observed by using kégleed photography, as is shown

in Figure 3.5The photographs were taken at approximately 45ns interframe time with
the dark spot being the collapsing bubble. The propagatestk wavecan be
observedat the endf bubblecollapseand expanding as a ringto the surrounding
liquid with a velocity of sound which is about 1500 m/s in water. However, the shock
wave does not retain tletrengthvery far but attenuates due to the absorption, only a
few radial distance from the collapsing bubble and caukeslizeddamage such as
the fragmentation of nearby bubbles. It was experimentally measured that the shock
wave pressure can be up to 5.5kfdolzfuss et al., 1998)r even highefPecha R

and Gompf B, 2000)

\.‘) b ":) ’r.~ - .;‘ - ‘ -

~

Figure 3.5: A spherically symmetric shock wave emitted by a collapsing single bubble into the
surroundhg liquid (Ohl et al., 1999)
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Figure 3.6: Cavitation bubble collapse at, or near a solid surface (Timothy J.Mason, 2002)

In case the bubble collapse is sgtmmetrical i.e. at or near to a large solid surface,
the liquid will expel into the bubble atbuting to the solid surface resistance and
results in a liquid microjet being formed, targeted at the surface, as shown in Figure
3.6. The velocity of the microjet can be of the order of 100 m/s which is high enough
to eject the particles from the surgéaefficiently (Timothy J.Mason, 2002)This is

also the mechanism of ultrasowieaning

3.2.5 Generation of Power Ultrasound

There are two basic paths to perform acoustic energy to liquid loads for the
acceleration or modification of the chemical emgring process: low intensity bath
system and high intensity probe system. The schematic classic laboratory scale

ultrasound systems are shown in Figure3.7.
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Ultrasonic bath system Ultrasonic probe system

Figure 3.7: The basic ultrasonic operating system (a) ultrasound bath system and (b) dljpasioein
system (Perkins, 2009)

The ultrasoniccleaningbath is the most widely available for theboratoryand the
cheapest source of ultrasound irradiation with the rnostmercialfrequency of 40

kHz. It is easily establishedfor sonochenual reactionsbut the ultrasonic bath
normally dissipates a relatively low intensity of ultrasound power (< 5 y/and its
temperature and adjustable power control are usually poor. Generally, sonochemical
reactions are required to be performed in a vessel immarshd sonicated liquid in

the ultrasonic bath so the vessel desigmésessarya flatbottomed vessel is
normally preferred. The bath itself being used as the reactor is possible, but corrosive
and volatile reagents are hence not allow&adbther disadvatage of the ultrasonic

bath is that they usually have no vaptight lids which limits their application in
reactions require inert atmosphere or reflux condgihéason, 1999)

The ultrasonic probe system on the other hand, is @asy to fit and utilize with
different glassware and vessels and the intensity of the ultrasound irradiation can be
up to severahundred of Wicnf or even greater in large scale manufacture, this
offers considerable advantage to achieve a better sonathemifect. Most of the
modern ultrasonic probe units have the pulse facility enabling adjustable power
control andmonitoring during the processe@ason, 1999) Some of them even
provide alternative frequency for intense cavitatimhdf and optimum performance.
However, the probe system usually has the problem of probe tip erosion, an unstable
ultrasound field and poor bubble distribution which make the characterization of the
bubble system very difficult.

Other power ultrasound gesns including theacousticbubble trap and an optically

39



induced cavitation system are also available dtirasaic cavitation generation
(ChowMcGarva, 2004)In this project, a probe sonicator with a frequency of 20 kHz

was applied to influence tleeystallizationprocess.

3.3 Literature Review of Sonocrystallization

Power ultrasound has been studied with various crystallization systems including
adipic acid(Wohlgemuth et al., 2010, Narduat al., 2011)amino acidg¢Narducci et

al., 2011, Hottot et al., 2008polymers(Cao et al., 2002)fat (Ueno et al., 2003,
Higaki Kaoru, 2001) inorganic compoundéAmara et al., 2004, Dalas, 200ahd

some poorly soluble pharmaceutical substar(@svi and Dave, 2010and have
proven to be a considerably powerful and efficient technology in crystallization
promotion and crystallization product enhancemknthis section, a literature review

of the research into power ultrasound effects on varspectof crystallization is

given in detail.

3.3.1 Observed Effects of Power Ultrasound on Nucleation

Power ultrasound can be utilized to influence ewsspectand different steps of the
crystallizationprocess nevertheless, its effect is especially significant on nucleation
processes. The metastable zone width and induction time are two of the most
fundamental parameters to describe how difficult the crystallization can occur and
characterize the nucleation process. The effect of ultrasound on ebaBeg primary
nucleation wa investigated by Lyczko et glyczko et al., 2002)results suggested

that ultrasound had a significant effect on reducing the induction time, especially at
low supersaturations, and the main mechanism is a heteroggmaoasy nucleation.

Their results also verified that the metastable zone width can be reduced by
application of ultrasound and ultrasound decreased the apparent order of nucleation
rate and increased the solid formation rate. They considered the actitrasbéund

was due to the presence of shock waves in the solution, by which the molecular
collision and aggregation were enhanced. A similar study based on treolaatt
crystallization process indicated the ultrasound effect on reducing the metastable

and induction timgGuo et al., 2005)The apparent order of nucleation was small
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while the nucleation constant increageegimendouslysuggesting thecceleratiorof

the diffusion was the reason for shortening theuation time. Other studies on
ultrasound effects on nucleatighi et al., 2006, Guo et al., 2006b, Kordylla et al.,
2008, Luque de Castro and Prie@apote 2007)also agree with the statement that
ultrasound exhibits a positive effect on nucleation by inducing primary nucleation in
the solution and allowing nucleation to occur at much lower supersaturation levels,
see Table 3.2.

Although the positive ultisound effect on nucleation was reported often, there are
still exceptions. Miyasaka et gMiyasaka et al., 2006krevealed that there was an
enegy threshold above which ultrasonic irradiatiooreasedhe crystal number and
promotednucleation at the region where a low level of ultrasonic energy applied,
power ultrasound inhibited the primary nucleatipndecreasing the average number

of crystds. The extensive investigatioiMiyasaka et al.,, 2006aysuccessfully
established the relationship between the necessary critical energy to form a stable
nucleus KUGi) and theultrasonic energy at which the ultrasound exhibits an
improved effect (Ei): Ecit decreased with decrease IdiGgi;. The research also
found that ultrasonic irradiation inhibited and activated the primary nucleation at
various degrees afupersaturatianMoreover, sonocrystallization studies on amino
acids again pointed out that the induction time increased with increasing ultrasonic
irradiation energy up to a certain degree then decreased, indicating theezemiggr
threshold theoryKurotani et al.2009)

Table 3.2: Ultrasonic crystallization of morand disaccharides from aqueous solutions (Ruecroft et al.,
2005)

Quantity dissolved in Temp(C) at which solid appeared
10 mL water (g) Without ultrasound With ultrasound
Solute
D-xylose 25.0 36 43
D-sucrose 18.0 <40 47
D-lactose 5.5 41 43
D-maltose 13.0 <20 40
D-glucose 100.0 <30 75
D-cellubiose 2.0 <20 42

Largescale ultrasonic processing technologies have also been developed in different

ways: either with probes in a flow cell or immedsin a large volume delivering high
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local intensitiegDennehy, 2003)or, opposing parallel transducers arranged around a
duct, through which the process solution or suspension fidMagelaire, 1995)
However, compared witthé probe systerthat directly contact with the processing
solution where the ultrasonic energgnnotparticularly well focusd dher than the

tip areathe parallel transducers offeredjyeeater extentA typical developed scaling

up flow cellis shown in Figure 3.8. The flow cell employed direct bonding of 40
transducers manufaoed from stainless steel with a hard chrome intesudace for
additional corrosiorresidence timgPerkins, 2000) The low output of individal
transducer and improved bonding method allowed large number of transducers to give
uniform and noncoherent acoustic pattern above the cavitational threshold throughout
the working volume. It also offered additional advantage of avoiding the phenomenon

of acoustic decoupling.

Figure 3.8 20L flow cell fabricated in hard chroiplated stainless steel with multansducers for use
in the alumina industry shown with acoustic shield removed for clarity (Ruecroft et al., 2005)

3.3.2 Ultrasonic Crystal Growth

Different from the dramatic ultrasonic effects on nucleation, ultrasound effects on
crystalgrowth seems much smaller. The theoretical study of ultrasonic crystal growth
rate suggested that the effect of ultrasound on growth rate depended on thedaagnitu
of the supersaturation driving force: At low S with growth velocities of arouffd 10

m/s, ultrasonidrradiation doubled the growth rate; at high S with faster growth of
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10" mi/s, ultrasound appeared to have no effédnder the condition of low
superaturation levels, thguantity of available growth units in the vicinity of the
crystal surface is small and bypkase masgansferis the rate limiting in supplying
growth units to the crystal surface, and the application of ultrasonic irradiation will
enhance the growth rgRuecroft et al., 2005, Arakelyan, 198iM)e growth of sugar
crystal was found to be faster with ultrasound irradiation than with mechanical
agitation (Kortnev and Martynovskaya, 1974According to work reported by
Devarakonda et al(Devarakonda et al., 20Q3)ltrasonic energy was found to
increase the overall mass rate of crystal gradvih to the enhancement of secondary
nucleation The influence of power ultrasound on potash alum growth rate was
investigated by Delmas et #éhmara et al., 2004and found that the mass growth rate
was faster under ultrasound but the experiments could not determine whichtseep of
growth was improved by ultrasound. The volumetric crystal growth rate based on the
seeded sonocrystallization of calcite was enhanced by 46% through the ultrasound
treatmentbecausehe disruption and erosion of seeded crystals accompanied by the
ultrasonic irradiation led to the increase of surface area available for crystal growth
(Boels et al.,, 2010a)Boels et al.(Boels et al., 2010bgalso studied the effect of
ultrasound on calcite growth in presence of the inhibitors. They found that the
inhibiting effect of the inhibitor on crystal growth was seriously mitigated and the
recoveryof the growth rate following inhibition was strongly improved under the
influence of ultrasound. The possibxplanation was the chemical effect of
ultrasound causing the degradation of the inhibitor.

However, contradictory results given by DaléBalas, 2001)suggested that a
retardation effecton the water formed scale depositiowhich resulted in the
reduction of the crystal growth rate by 62%%, was observed on calcium camhate
growth investigation in presence of thirasonicfield. The ultrasonic radiation did

not affect the mechanism, the nature, the morphology or the size of calcium carbonate,
only the crystal growth rate via the dehydration and surtiffasion of growth
molecules. Similarly, ultrasound introduced to the precipitationnahoparticle
revealed thathe mechanical influence produced bgvitation like commination
emulsification and stir couldffectively prevent the crystal growth and aggregation

But when the ultrasonic time was too long, shock wave with high pressure,

microe mi ssi on fluid and &éBrown phenomenond

the aggregation of nanopartici@ang and Shi, 2008)
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3.3.3 Ultrasound Effects orPolymorphism and Particle Size

Distribution

Power ultrasound has been extensively investigated to polymorphic systems for
selective and designed polymorphic form generatiommifhhobenzoic acid isn
enantiotropic polymorph with the transition temperatat approximately 2& above
which theb-form is metastable polymorph and impossible to produce in absence of
ultrasound. Interestingly, puré-form can be obtained above the transition
temperature by application of controlled ultrasound, if the provigipgrsaturatiors

not too high(Gracin et al., 2005, Gracin and Ake, 200Fhere was a sonicatio
intensity threshold near to the critical supersaturation threshold above which pure
b-form could not be produced. Since tbdorm is based on the centro symmetric
carboxylic acid dimers the ultrasounddisturbed structure and reduced the
dimerization inthe solution; this was believed to be the possible hypothesis that
precise ultrasonic irradiation results in the selective favour polymorph-dfetaimic

acid, the concentration of metastadliform was increased with only 30s of
sonication at high supsaturation; but ultrasound was not applicable for
polymorphism control at lovgupersaturatioiiHatakka et al., 2010}urthermore, it

has been specified that more unstablerm was obtained, independent of nucleation
temperature, during freezkying of mannitol from an aqueous solution in presence
of ultrasoundHottot et al., 2008)

On the other hand, Kurotani et 8Kurotani and Hirasawa, 2018ased on their work
about using precise amounts of ultrasonic energy in polymorph control, suggested that
largeultrasonicenery irradiation conditions associated with rapid transformation can
assist in the isolation of the stable polymorphic form. Conversely, without ultrasonic
irradiation or with small ultrasonic energy input, one may expect to generate the
kinetically favouredmetastable polymorphic form. According to Ueno e{ldeno et

al., 2003)the ultrasound was reged to favour formation of the stable polymorphic
form. More literature discussingltrasonic irradiation on polymorphism control
duringthecrystallizationprocess can be found elsewh@reuhi-Kultanen et al., 2006,
Price et al., 2011, Kougoulos et al., 2010, Higaki Kaoru, 2001, Cao et al., 2002)
Reliable evidence has shown thatweo ultrasound is potentially applicable in
manipulating thetailoringbof crystal size and particle size distribution and efficiently

preventing agglomeration during crystallization. To control the particle size
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distribution througtultrasonicirradiation, two of the extreme cases are worth noting:
firstly, a short burst of ultrasound to a low supersaturation solution to induce
nucleation and allow growth to large crystals; and secondly, a longer burst or
continuous insonation to the high supersaturasiolntion where prolific nucleation
occurs to achieve smaller crystéiguecroft et al., 2005as was shown in FigureS3.
Commonly, the reason is that secondary nucleation results fronulttzesonic
mechanicalinfluence or the loosely bound agglomerates e tsolution. With
different ultrasonic energy intensity, crystal size was found to be decreased with the
increase of ultrasound power and the longer residence time attempted to produce

smaller size and moreniform particles, see Figure 18 (Narducci et al., 2011)

Consigentultrasonic effect on particle size distribution can be found in more reported
work (Luque de Castro and Priegapote, 2007, Li et al., 2003, Kim et al., 2002,
Amara et al., 2004)

Figure 3.9: Final product of -lArg at S=1.58: (a) without ultrasound (b) ultrasonic energy 4.3J (c)
ultrasonic energy 43J (Kurotani et al., 2009)
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Figure 3.10: Effect of power amplitudadiresidence time on the crystal size distribution (Narducci et
al., 2011)

Considering the ultrasound action effect on crystal morphology, some of the authors
(Dalas, 2001, Nishida, 2004)old the perspectivethat in both the presence and
absence of ultrasound, irradiation results in the same shape crystal, whereas some
reported that crystahorphologycan be modified by ultrasound. It was demonstrated
that potash alum crystals exhibited an octahedral shape in silent conditions, but if the
crystals were born and grown in an exteul#dasonicfield, a decahedron shape was
observed due to the erosigAmara et al., 2004)For those needlike, difficult to
handlecrystals Kim et al. (Kim et al., 2003)used ultrasound to reduce the particle
length and subsequent temperature cycling helped grow the shorter-lileedle
segments into thicker rods. The crystal habit of aluminum hydr¢&demoto et al.,

1992) and iron hydroxide(Enomoto et al., 1992pppeared to be affected by
ultrasound.

In addition tocontrollingthe crystal habit, thanks to the cavitation relevant improved
mixing and local thermodynamics, the amount of agglomerates was visibly reduced
with the application otiltrasoundGuo et al., 2005, Li et al., 2006, Wohlgemuth et al.,
2010, Narducci et al., 2011)

3.3.4 Ultrasonic Variables Influence on Sonocrystallization

Sonochemical effects of ultrasound vibration can be distinguishable, or even
contradictory, if theultrasonic variables such as the ultrasound frequency, intensity
and horn size as well as the external experimental conditions are different. Table 3.3

lists some of the discussion and findings from the literature about those variables
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effect on sonocrysliaation.

Table 3.3: Literatures of ultrasoumelated variables effects on sonocrystallization
Variables Authors Findings
- low frequency ultrasound (15, 20, 25 and 30kH
Li et al(Li et al., 2003) have the same effect on nucleation and growth
- no obvious differences in the shape, the m
Frequency size and size distribution of resulting products
Ichitsubo et al.(Ichitsubo et| - high frequency ultrasound (0.3~1.5MHz) resy
al., 2004) in the stochastic resonance phenomena by w
crystallization wasconsideredo beaccelerated
Li-yun et al. (Li-yun et al.,| - no crystal form above 300w

2005) - below the threshold, particle size decreased
the increase of ultrasonic power
Ultrasonic - high ultrasonic power (1000w) results in thick
power and shorter crystals while lowitrasonicpower
Li et al. (Li et al., 2003) (100w) results in longer and thinner crystals

- the mean size of the produced crystals ur
treatment of various ultrasonic powers are fol
to bethe same

Nishida(Nishida, 2004) - the crystalprecipitationrate was observed to

proportional to the horn tip area

Horntip size | Luqgue de Castro an| - the horn tipdiameterdetermined the inteitg of

PriegoCapote (Luque de| ultrasound hence impact therystallization

Castro and Prieg€apote,| matter formed

2007)
Horn - there is optimum range of depth for accelerat
immersion | Nishida(Nishida, 2004) crystal precipitation
depth
- large reactor associated with lower vibration &
Amara et al.(Amara et al.,| cavitation and resulted in fewer nuclei and lar
2004) crystals
Sorication - increased sonication volume reduced the cry
volume collision and abrasion

Manson and PeterfTimothy | - For given input power the sonochemical eff
J.Mason and Peters, 2002) would diminished with the enlarge of volume

3.3.5 Proposed Mechanisms of Sonocrystallization

It is not dfficult to conclude from previous discussion that the ultrasound effects on
crystallization are quite diverse, but all the researchers agree with the statement that
cavitation is the originatausatiorof sonochemistry. Although the link and correlation
between the cavitation issue and crystallization behaviour are still unclear and not yet
fully understood, a wide variety of mechanisms have been proposed to explain and
describe thailltrasoniceffects on therystallizationprocess.

Amount the mechanismshe chots p ot 0 istthe éoroadly acceptable and most
reasonableone in sonocrystallization investigation. As is detailed in the previous

section, 3.2, ultrasound waves passing through the medium solution will result in the
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generation of cavitation bbbes which are associated with extremely high local
temperature and pressure, this has been proven to be over 5000K and 2000 atm,
during its collapse. The extreme excitation of such large energy release, together with
the concomitant shock wave, is belidv® be the intense trigger for crystallization.
Interestingly, counteintuitive effects state that local temperature increase may
remove thecrystallizationdriving force since the supersaturation in the immediate
vicinity will be reduced or eliminatedOn the other hand, the shock wave and
collapsingturbulencemay contribute to the nucleation in the environm@hiecroft

et al., 2005) Other postulates suggest that: 1) subsequent rapid local cooling rates,
calculated at 168-10'°K/s, play a significant rolén increasing supersaturation; 2) the
reduced crystallization temperature results from localized pressure increasing; and 3)
the cavitation events allow the excitation energy barriers associated with nucleation to
be surmounted, in which case it should peassible tocorrelatethe number of
cavitations and nucleation events in a quantitative \{laygue de Castro and
PriegeCapote, 2007) Experimental work carried out in crystaée supercooled
liquid (Frawley and Childs, 1968, Hunt and Jackson, 19%6fjgested that the
negativeand the positive pressure, which canutem the cooling and melting point
change during the collapse, were the possible mechanism of sonocrystallization.
Virone et al.(Virone et al., 2006)designed a novel reactor where thgasound
pressure was wetlefined and attempted to establish the relationship between
cavitation number and nucleation event based on the assumption that the nucleation
rate was dunctionof the collapsing pressure of cavitation bubbles.

According to he diffusion theory, the pressure gradientapableof segregating the
mixing speciedy pushing the densest toward low pressure regions and the lightest to
the high pressure zon@ird et al., 196Q) This pressure diffusion idea was put
forward by Louisnard and Grossier et al. who proposed a molesajaggation
model based on the pressure gradient to illustrate the mechanism of
sonocrystallization. Following the model repentation shown in Figure 3,1the
relevant studiegGrossier et al., 2007, Dodds et al., 200@hcluded that the clusters
segregated near a cavitation bubble walluding: 1) the solute molecules and small
clusters in the solution would remain unsegregated,dike?) the medium clusters

such asC,, and C, near the collapsing bubble wall would be oewencentrated,
favouring the attachment of the cluster and sofatéecules C, and C;) and direct

aggregation of the cluster€{ and C,); and 3) the larger clusters would by driven
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away far from the bubble wall. Eventually, the cavitation effect would efficiently
finish the segregation and accelerate the overall nimtekinetics hence promoting

crystallization.
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Figure 3.11: The cluster growth in the presence of cavitation bubbles: the solute molecule C1, the
existing cluster Cm and Cn (Dodds et al., 2007)

Ultrasonically induced heterogeneous primary nucleatiogeocondary nucleation is
anotherhypotheticalmechanism of ultrasound action. Lyczko et (&yczko et al.,

2002) proposed that ultrasound changes the activation energy to act on either the
surface energy or the contact anghnd suggested a heterogeneous nucleation
mechanismKordylla et al.(Kordylla et al., 2009)leveloped the kinetic approach by
introducing theheterogeneougrimary nucleation and secondary nucleation to the
mechanism to simulate the ultrasoumdluced nucleation during cooling
crystallization. In addition, the photographic study of ultrasound effect on ice
crystallization given by Swallowe et glSwallowe et al., 1989ndicated thatthe
oscillating, acoustically induced, cavitation bubbles disrupted the crystal to fragment
to form more crystal nuclei which grow as they drift away from the interaction
regions. Similar investigation of ice crystallization confirmed that sonicatioftedsu

in the productionof small new ice crystals from growing ice dendrite and primary and
secondary nucleation were both possii@@ow et al., 2003)lt is alsoassumedhat
cavitationbubbles themselves acted as nucleation centre and the ultrasonic induced
nucleation can be treated as a heterogeneous nucl@attigemuh et al., 201Q)

The localizedurbulenceof the solidliquid boundary caused by the microstream and

shock wave is considered to be another possible sonocrystallization mechanism since
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it results in the acceleration of mass transfer through the filmnbseasing the
intrinsic mass transfer coefficieiflHagenson and Doraiswamy, 199&)ssuming a
homogeneous nucleation mechanism, Guo gt@lo et al., 2006anvestigated the
effect of utrasound in reactive crystallization and found that the diffusion coefficient
was increased in presence of ultrasound, implying the main reasaitrimound

action was the acceleration of diffusion. Based upon the concept that ultrasound

increased the ta of diffusion of solute(- d;‘\), Thompson and Doraiswamy

(Thompson, 2001proposed a model where the inic mass transfer coefficieky;

and the interfacial area would simultaneously benefit the mass transfer within a
sonicated solidiquid system with saturated driving force of Ch*-Ca). The
representation of several events is shown irufeg3.2. Otheg mechanisms from
energy and gasloud point of view toexplainthe ultrasonic effects can be found in
(Qiu.Tai Q, 1993, Nanev and Penkova, 2001)

9 gy (c; -Cy)
dt ‘ l |

Increased by Increased by interparticle 1. Increased solubility in SCF at
microstreaming collisions leading to cavitation site, leading to
{localized wrbulence particle degradation or supersaturation of bulk solvent
in the solid-liquid by erosion of the particle at ambient conditions
film) {Hagenson and surface due to microjets {Thompson and Dorasiwamy,
Doraiswamy, 1998, (Neppiras, 1980; Suslick 1999}
Elder, 1959) etal, 1987) 2. Possible Ostwald ripening of

particle fragments <1.0 pm

Figure 3.12: Ultrasound enhancement of the diffusion rate (Thompson, 2001)

3.4Closing Remarks

In this chapter, the fundamentals of power ultrasound including the introduction,
formation, growth anccollapseof cavitation, as well as the cavitation associated
effects, are given. A comprehensive review of the application of poweasailind in
crystallization is demonstrated from various aspects, followed by the illustration of

proposed mechanismssonocrystallization
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Chapter 4

Materials and Process Analytical

Techniques

Summary: This chapter provides théraduction to the material and description of
the principle of process analytical techniques that \werérmed in the experimental

work.
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4.1 Introduction

In this research work, a series of experiments were carried out to assess the influence
of power utrasound on various aspects @filtamic acid crystallization. Therefore, a
collection of process analytical techniques (AFRIR, FBRM, powder xay
diffraction, etc.) and therystallizationexperimentalapparatugqcrystallizer, Julabo
andultrasonicsystem, etc.) together with trehemicalmaterials used in this project

are described.

4.2 Materials

4.2.1 L-Glutamic Acid

L-glutamic acid is aramino acid which consists of two carboxylic groups and an
amino group. Since it is an important component in ynememical reactions and
organism proteinmetabolismprocessesit is widely used in thepharmaceutical
chemical and food industries-dlutamic acid is also known as the first industrially
prepared amino acid due to the flasmhancing property of its eamosodium salt
which is used extensively as a food additive. Some of its physical properties are listed
in Table 4.1.

Table 4.1: Physical properties ofglutamic acid (AminoScience, 2009)

MolecularFormula CsHgNO,
Crystal Structure Orthorhobic
Molecula Weight (g/mol) 147.13
Density (kg/m) 1538
Melting Point ¢C) 247

Like most of the other pharmaceutical compounds, LGA appears in more than one
polymorphic form and belongs to the monotropical polymorphism system. The known
polymorphs of LGA are thenetastabld}form and the stablé-form, of which the
Uform is prismatic crystal habit while tHeform is needldike crystal as shown in
Figure 4.1. Generally, the metastalilform is preferred due to its advantage of
crystal habit for industrial pross handling, sedimentation and filtration, for instance.
Two of the polymorphic forms have different solubilityagueousolution and hence

undergo transformation of the metastabliorm to the stabld-form in accordance
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with Ostwalds law of stages.igure 4.2 presents the solubility of thglutamic acid
polymorphs as a function of temperature, expected the metastablétform has
higher solubility than théb-form in all temperature ranges. But above@5the
solubility of theUform is difficult to measure due to the precipitation of tiform
(Kitamura,1989)
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Figure 4.2: Sol 4 irmi-faryn dfg-ghuvamic aciel (Ksamura, 1989, NIk, 2010).

The polymorphic transforntian of I-glutamic acid was found to be solutiarediated
(Kitamura, 1989)with the stableb-form nucleated and grown on the surface of the
metastabld}form (Ferrari and Davey, 2004, Cashell et al., 2003, Scholl et al., 2006)
Even these previous studies claimed that the difgrm I-glutamic acid was
indefinitely stable since iseparatedrom the solution and there was no solid state
route forU-form to b-form transformation, current work suggested that the irreversible
polymorphic transformation of-form to b-form can take place in the solid state at
high temperatur® 140°C (Wu et al., 2009)During crystallization, each polymorph
growscompetitivelyand according to Kitamura, the growth of both of tgdutamic



acid polymorphs are mainly controlled by the surface reaction processetanism

of Uform andb-form growth are both the 2D nucleation model rather than the screw
and dislocatiorfKitamura and Ishizu, 2000)

The LGA used in this work was purchased from the Sigwdaich Company Ltd of
99% purity. For seeded growth experiments, the ndadieb-form was purchased
from Van Waters and Roge(¥WR) International LtdVWR-website) However, the
U-form |-glutamic acid is not commercially aVable and was recrystallized from the
I-glutamic acid in 20L reactor with a fast cooling rate ofG/fnin, filtrated, washed

in methanol and dried at &D.

4.2.2 Solvent

The solvent used in all the experiments carried out in this wddbaatorydistilled
water which was free of all gasses and minerals. The solvent used for crystal washing

after crystallization was methanol purchased from Fisher Scientific Ltd.

4.3 Process Analytical Techniques and Instrumentation

4.3.1 Crystallizers

In this project a 100mL, 500mL and 1L crystallizer was utilized for kinetic and
mechanism development induction time measurement, basic experimental study of the
metastable zone width and the induction time, and ultrasound effect crystal growth
evaluation, respectivelyThe control software system and details of various size

crystallizers are listed in Table 4.2.

Table 4.2: Description of crystallization reactors and corresponding control programs
Crystallizer Description Control software

100 mL Doublejacketed glass womated crystallizatiof HEL WinlSO process contrg
reactor from Hazard Evaluation Laboratory L software version 2.2.17.4 E354

(HEL) with HEL external heaters power supply

500 mL Doublejacketed glass Autolab crystallizati HEL WinlSO process contro

reactor from HEL software version 2.2.30.3 E227

1L Doublejacketed glass crystallization reactor frd In-house built and develope

HEL control program using Labview|

54



4.3.2 Julabo Circulator

The temperature in the crystallizer during all the crystallizatsperiments is
controlledby the oil bath Julabo circulator connecting with the data interface board.
The Julaborefrigeratedand heating circulators used in this project allowed the
external heating and cooling task, temperature setting and high capabieating

and cooling capacities guaranteghe temperature and process control within a short
time request in the experiments. The Julabo circulator models and the technical
specification for different investigation sections are shown in Table 4.3.

Table 4.3: The Julabo model and technical specification for various crystallizer control

Julabo model for different experimental crystallizer control
F32-HE for 100mL FP50HP for 500mL FP50HE for 1L
Working range -35°C to 200C -50°C to 200C -50°C to200°C
Heater capacity 2000w 2000w 1000w
Cooling capacity 450w at 20C 900w at 20C 900w at 20C
Filling volume 8 litres 8 litres 8 litres
Online available available available
communication

4.3.3 Thermometer and Turbidity Probe

The platinum resistarecthermometer (PT100) was utilized in this work for solution
temperature measurement over a wide temperature rangé&®€C to 800C and a

high accuracyof + 0.3°C (Khan, 2008) The onset of crystallization and dissolution
were detected byibre optic turbidity probe which was built ihouse by the
University of Leeds Workshop. Tharrbidity value was calibrated from 100 to O
corresponding to the voltage signal from O to 1 volt that was produced due to the light
transmittance. The sudden change in the solution turbidity value reflects the
occurrenceor thedisappeaance of nuclei. Théhermometer and turbidity probe were
connected with the interface board and conducted using HEL WinISO process

software.



4.3.4 Power Ultrasonic Instrument

The acoustic probe system employed in the crystallization studies w&sl @220
processor systm with a fixed 20 kHz frequency and adjustable ultrasonic power
provided by Prosonix Ltd. (Oxford, UKAs mentioned in Chapter 3 the advantage of
the probe ultrasonic system in tlaoratoryscale was the sufficiently high power to
crystallization andhe ability toconvenienly control energy input to the process. It
consisted of d@ransducer element, an interchangeadtép detectabl@orn with tip
diameter of 9mmandanultrasonic generatpseen Figure 4.3.

Figure 4.3: Construction of the ultraso probe system: 1. the transducer element; 2. the step
detectable horn; 3. the generator; 4. the power control; 5. the pulse facility

The piezoelectric ceramic transducer is used for the ultrasonic system and this type of
transducer is also the most geal driven model in laboratory. The generator is the
source of electrical frequency that supplied the transducer andeitasnmendedo

turn on the system in the mixture to avoid the extra power required to drive the system
and influence the overall r@sance(Timothy J.Mason and Peters, 2002Zhe switch

of the pulse facility on the generator allows the instant on and off control of
ultrasound irradiatio. The power control facility provides simpéeljustmentof the

input power to the transducer from 0 to 100w. Generally, it isyaoessaryo set the
maximum input power for the greatest and the most effective sonochemical effect. In

this work, the maximam power of ultrasound is 35w
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4.3.5 Powder Xray Diffraction

In this work, the BAnalytical X&ert MPD (Netherlands)-say diffractometer, as
shown in Figure 4.4, was utilized to identify the LGA polymorphs by determining the
characteristic Bragg peak gibon and comparing this with the reference patterns of
each polymorph. The-ray source of the unit is the monochromaticluradiation
produced from a graphite monochromator. The crystal sample was ground into the
sample platform with a flat analysis surface and thiayxdetector revolved around
the sample employing an 2 theta scan angle range ‘e#4@5with a step size of
0.033 to record the intensity as a function of angle. The analysis was performed
highly automaically and data is collected digitally. The resultant XRD patterns were
then analyzed using associatedXrt Highscore Plus software with ICDD Powder
Diffraction File database for polymorph identification.

Figure 4.4: The representative photograph of the poway xiffractometer

4.3.6 ATR-FTIR

The Attenuated Total Reflectan€eurier Transform Infraretechnique(ATR-FTIR)
ReactlRM4000 spectrometer, purased from Mettler Toledo Co. Ltd, was employed
in the crystal growth investigation for solution concentration measurement.
Instrument construction consists of the spectrometemnntreesuremerprobe and the
operaing PC is shown in Figure 4.5
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Figure 4.5 The ATRFTIR instrument ReactlR spectroscopy: 1.Md@&ector; 2.insertioprobe 3.
detector module; 4. PC

Before the experiment, liquid nitrogen is required for detector cooling and dry air is
used to purge the insertion probe to prevent the opties recoming fogged and
remove water and carbon dioxide peaks from the backgrspectrum(Ma, 2010)

The probe tip needs to be completely clean and expmséte air for background
spectrum collection. The instrument specification of mid infrared wavenumber is
4800~450crit and was set to be 1950~650tmhich covered the infrared absorption
band of {glutamic acid within the measurement. Spectrum was redoeyery 30
seconds and presented in a 3D graph in the spednguisitionsoftware iGIR
interface, as is illustrated in Figure64The spectrum data was then interpreted to the
solution concentration via MATLAB programming based on the calibration imode
built and developed by previous researcher, Chaoyang Ma, in his PhD research at the

University of Leeds.
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Figure 4.6: The iR spectrum acquisition interface

4.3.7 FBRM

In crystal growth measurement experiments, the Fa@fusedBeam Reflectance
Measurement instrument (FBRM) manufactured by Lasehteftaser Sensor
TechnologyCorporation) wasimplemened to monitor the chord length distribution of

the particle to make sure no significant nucleatioocurred during growth
measurement. Ashown in Figure 47, the instrument has three maiomponentsa

PC allowing datacquisitionand analysis, a field unit providing laser light energy to

the probe and analyzing the signal back from the probe, and a probe mounting directly
into the solutio for measurement. The chord length distribution and number counts
were recorded every 10 seconds and data was analyzed using Lasentec FBRM Data
Review 6.0 software.
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Figure 4.7: The FBRM analysis system: 1. PC monitor; 2. external heater suppliefiekthmit; 4.
the measurement probe; 5. the reactor stand holder; 6. stirrer

4.3.8 Morphologi G3

To study the growth of-glutamic acid in this work, Morphologi G3 from Malvern
Instruments was employed for diifie particle size measurement. Morphol@§ is a
powerful static image analysis tool for particle size and shape characterization from
0.5em to 300@m. Figure 48(a) shows the Morphologi G3 particle characterization
system with the sample dispersion unit and control PC. The particle sample is placed
in a holder sealed using metal foil, air pressure is needed to break the foil and disperse
the powder sample through the enclosed chamber on the glass plate below the unit.
The automated microscope optics unit with various magnificaegosesis then
moving and scanning the dispersion area depending upon the advanced standard
operating procedurdSOP) setting to capture the individual particle image. The
meaningful data analysis software Morphologi provides different parameters, such as
CE diameter, HS circularity, elongation, etc.d&scribethe particle size and shape. It

also offers the scattgram to compare and cluster different populations of particles,
and individual particle image examinati@s, shown in Figure &(b).
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Figure 4.8 (a) the Morphologi G3 instrument: 1.sample dispersion unit; 2.automated &ipsasiple
plate; 4. cotrol PC; (b) Morphologi G3 analysis interface

A constant 9 mrhsample volume was dispersed with 0.8 bar pressure mncarrier

foil and due to the ptcle size a 2.5%objective was performed in the measurement.
The resultant numbeveighted circleequivalentsize distribution (CE Diameter)
which defines the diameter of a circle with the equivalent area as the pantde
investigation was adopted for particle size characterization. The output data is a
number fraction as a function of CE diameter smoothed over 13 painitsh means

13 data points are to be averaged during plotting in order to remove spikes from the
data graph
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4.3.9 Microscopy

The standard Olympus 81 microscope purchased from Olympus UK Ltd. was
connected to the PC and used for image examination of the crystal produced.
Measurement performedx5objective (Mplan %/0.10, Japan) and analyzed using
QCapture Pro 6.0 software.

4.4 Closing Remarks

This chapter presented the details of materials and various process analytical
techniques utilized in this project. The individual experimental procedure is given in

the corresponding experimental chapters.
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Chapter 5

Investigation of L-Glutamic Acid Primary

Nucleation: Effect of Power Ultrasound

Summary: The experimental activities leflutamic acid metastable zone width and
induction time measurement for power ultrasownel presented together with the
nucleation behaviour investigatiomd polymorphism study ofl-glutamic acid

crystallized from vanusexperimental conditions is also given.



5.1 Introduction

As mentioned previously, power ultrasouumidlized in crystallizaton process brings
considerable benefits: inducing primary nucleation, manipulating final particle size
and size distribution, preventing agglomeratijbyczko et al., 2002, Kim et al., 2003,

Li et al., 2003, Amara et al., 2004nd all these ultrasonic effects mainly acthe
nucleation stage. Although sonocrystallization studies were carried out for various
substances, the nucleation due to the ultrasound irradiation differs with ultrasonic
conditions, chemical substance and the pmgpar of the saturated solution.
Furthermore, drmer rese@h (Miyasaka et al., 2006b, Miyasaka et al., 2006a3
demonstrated that prima nucleation cannot alway$®e inducel by applying
ultrasound, they pointed out that ultrasound irradiation can either enhance or inhibit
the primary nucleationn different regions. Therefore, it is necessary to gain the
knowledge ofthe nucleation kinett and mechanisnin ultrasound fieldfor later
development study. The firgtim of the work carried out irthis chapter was to
measure the phenomenal parameters metastable zone(Mis#W) and induction

time under different ultrasound power condisoand then analyzed the relative
nucleation kinetics through the homogeneous nucleation theory. This enabled the
determination ofLGA solubility, supersolubility andrelevant nucleatiorenergy
functions of the interfacial tension andhe critical nucleus radiusn different
experimenral conditiors for further sonocrystallization investigation.

Different polymorphs exhibit as different chemical and physical properties which can
significantly affect the pharmaceutical performance, quality and efficienthedinal
product. The abilityto modify the polymorphism with judicious application of
ultrasound is another interesting and chalieggask in industrial crystallization.
Therefore, thesecondaim of this chapter is to establish the polymorphiprofile

based on the dipolymorphic compound LGA. To this end, the cooling rate
crystallization temperature and ultrasound power effect bglutamic acid
polymorphism synthesis were investigabgdusing powder xay diffraction (PXRD)
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5.2 Experimental Setup and Procedures

5.2.1 Experimental Setup

Metastable zone width and induction time measurement during nucleation were
carried out in a 500mL jacketed glass reactsingoil circulation bath Julabowith
working range from50°C to 200°Cto control the temperaterThe gparatus setip
corsistedof a four blades glass stirrahich asoperatedat 150 r.p.m speed, a Pt100
thermaneter and a fibre optic turbidity probeas connected to an automated data
logging and regulation progranmterfaced withwinlso software.The turbidity was
equipped for the crystallization and dissolution onset temperature determination. The
immersed ultrasound probe in experiment wastjposd on the otherside of the
turbidity probe to avoid the bubble effect on turbiditgasuremeraindthe horn tip
position is at the middle of reactor heiglihe crystallization system sep is shown

in Figure 5.1.

Figure 5.1: Experimental crystallization system-get 1. stirrer; 2. step ultrasound probe; 3.
thermometer; 4. turbidity probe; 5. Gtgllizer



5.2.2 Experimental Procedures

5.2.2.1 Metastable Zone Width Measurement

LGA solids of15g, 17.5g, 20g, and 22.5g wetssolved in 500 midistilled waterat

room temperaturéo create30g/L, 35g/L, 40g/L and 45g/L concentration solutions

The slution was initially heated up to08C and kept for 60 mins before a linear
cooling to the bottom temperature of°@using slow cooling rates ranging from
0.1-0.5°C/min. The onset temperature of crystallization,) and dissolution (dis9

were déermined from the changes in turbidity reading. The MSZW was defined as
the temperature difference between the dissolution and crystallization temperature
measured at different cooling rates.

The MZSW measurememnigerecarried outn asilert, 15W and 25Wiltrasoundield.
Ultrasound wasdded from the beginning the end othe whole experimeat time.

All the experiments were repeatélaree times andthe averageonset temperature

considered

5.2.2.2 Induction Time Measurement

The ame saturatedsolutiors 30g/L, 35g/L, 40g/L and 45g/L) were heated upnd
maintained at80°C for 60 mins before rapidly cooling to different bottom
temperatures within the MSZWhe bottomtemperature were maintainedinder
isothermal conditions until crystallization was obvser according to the turbidity
record. Similarly, the induction time measurement was conducted ursdert
conditiors, in a 15W and 25W ultrasoundield. Ultrasound was applied at the
momentthe bottom temperaturevas reached. All the measurements werpeaged

threetimes and the average induction time was used.

5.2.2.3 Polymorphic Form Identification

To investigate the cooling rateffect on the LGA polymorphism different
concentration of solution G0g/L, 35g/L, 40g/L and45g/L) wereheated and keptt a
80°C for 60 mins to ensure the complete dissolutbdrsolute The solution was
then cooled usinglifferent cooling rate (0.1°C/min, 0.25°C/min and 0.5°C/min)
After crystallization was completed, the LGA crystals produced wératéd and

washed wih methanaol and dried immediately at 60°C for 12 hours. The
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polymorphic form of LGA produced was identified by PXRD analysis.

To study the influence of crystallization temperature on LGA polymorphism,
solutions with different concentrations were prepdrgdlissolving known amounts

of solids in 500 mL distilled water and heating t@0The isothermal stage was
incorporatedat 80C for 1 hour to ensure complete dissolution of LGA. The solution
was crash cooled to different bottom temperatures 8€5a@0C, 30°C, 25C and

20°C at which they had the same supersaturation ratio of 1.3. The isothermal method
was required at the bottom temperatures until the crystallization was completed. The
crystals generated were again filtrated, washed mikhanol and dred at 60C for

12 hours before analysis using PXRD.

Following the same procedures described above, different powers of ultrasound (15w,
25w and 35w) were applied to assess the effect on LGA polymorph determination.

5.3 Results and Discussions

5.3.1 Metastable Zone Width Determination

The MSZW, induction time, material solubility and supersolubility determination
were carried out irvarious experimental condition$he corresponding nucleation

kinetics ancenergetidunctionwere then calculated and comgd.

5.3.1.1 Nucleation in Silent Conditions

In order to determine the maximum possible undercoolingfonir different
concentration LGA solutianat the equilibrium condition of 0 °Cthe cooling rats
utilized onsettemperaturadetermination ar®.1°C/mn, 0.25°C/min and 0.5°C/min
Figure 5.2 presents the reactor temperature and turbidity plddgdr LGA solution
crystallized and dissolve at cooling rate of 0.1°C/min. Turbidity value were acutely
decreased at 57.2°C and proliferated ab°@.which defined the crystallzationand
dissoltion temperatureof 57.2°C and 7%°C, respectivelyThe @ame concentrated
LGA crystallization and dissolutioexemplary plotat 0.25°C/min and 0.5°C/min are

shown in Figure 5.3 and Figure 5.4.
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Figure 5.2: Temperature and turbidity plot of 45gAglutamic acid aqueous solution with 0.1°C/min
cooling rate in silent conditions
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Figure 5.3: Temperature and turbidity plot of 45gAglutamic acid aqueous solution witt?6°C/min
cooling rate in silent conditions
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Figure 5.4: Temperature and turbidity plot of 45gAglutamic acid aqueous solution with 0.5°C/min
cooling rate in silent conditions

The measured crystallization and dissolution terafures, as well as the equilibrium
metastablevalue are listed in Table 5.The variation in theonset temperatures of
crystallization and dissolution arshown in Figure 5.5for the four solution
concentrations considered.hd equilibrium metastable va¢ was determined by
plotting thecooling rate versuthe temperature arektrapolating back the dissolution
and crystallization temperatuteendline to 0°C/min cooling ratelt can be seen that
the MSZW was found to be wider as the cooling rate inccefethe four solution
concentrations examined, indicating that the crystallization was kinetically limited
rather than thermodynamically controlled. This is consistent with the nucleation
theory which suggests that the greasapersaturationgenerationprovided for
steadystate distribution of nuclecluster and stable nuclei formation, the longer
relaxation time is neede(Mullin, 1993) It can be seen in Figure 5ihat the
nucleation temperature was lower wilkie faster cooling rateThe MSZW were found

to be 11.4°C, 10.8°C, 16.7°C and 17.8°C fiour solution conentrations o#45g/L,
40g/L, 35g/L and30g/L, respectivelyThe MSZW is a characteristic property of the
crystallization system which describes the amount of necessary-couwliry to
achieve nucleatioriThe increased MSZW for decreased concentration atelicthat

nucleationis easier tmccurat higher concentration.
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Table 5.1: The determined crystallization and dissolution temperature for four LGA solution
concentrations in silence condition

Cooling Tceryst Standard Tcryst Standard
C rate Teryst Tdiss Arithmetic | Deviation | Arithmetic | Deviation MSZW
g/lL °C/min °C °C mean ] mean ] °C
0.1 31.8,31.2,31.5| 51.7,53.0,51.3 315 0.3000 52 0.889 20.5
30 0.25 28.7,28.6,32.8 | 53.4,53.9,54.6 30.0 2.396 54.0 0.603 24.0
0.5 29.4,29.8,28.3 | 58.7,60.2,58.8 29.2 0.777 59.9 0.839 30.7
0.1 42.0,43.6,41.3 | 59.8.61.1,62.4 42.0 1.179 61.2 1.300 19.2
35 0.25 35.6,36.8,36.5 | 63.5,62.5,63.1 36.3 0.625 63.0 0.503 26.7
0.5 33.0,31.8,32.1 | 64.3,64.9,65.8 32.3 0.625 65.0 0.755 32.7
0.1 51.9,52.6,54.4 | 68.3,69.0, 66.8 53.0 1.289 68.1 1.124 151
40 0.25 43.5,45.8, 43.3 70.1, 70, 67.5 44.2 1.389 69.2 1.473 25
0.5 39.2 37.4, 38.6 73.0,74.5,75.1 384 0.917 74.2 1.082 35.8
0.1 57.2,58.3,58.5 | 74.0,72.5,75.5 58 0.700 74 1.500 16
45 0.25 49.0,51.2,52.2 | 76.1,76.8, 79.2 50.8 1.637 77.4 1.626 26.6
0.5 41.9,41.0,42.1 | 80.5,79.2,8.2 41 0.586 79.3 1.153 38.3
85 -
, 65
- %/‘/i + 30g/L Tcrys
% = 30g/L Tdiss
g > 4 35¢/L Tcrys
[oX
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451 t = 40g/L Tcrys
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Figure 5.5: Averaged crystallization and dissolution temperatures for four LGA solution concentrations
in silent conditions
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5.3.1.2 Nucleation in 15W Power Ultrasound ield

The @ame experimental procedures were adopted and 15W of ultrafelthavas
applied during the process. Table 5.2 lists the crystallization and dissolution
temperatures fothe four LGA solution concentrationswith different cooling rates
The MSZW under 15W power ultrasound assistance weegerminedfrom the
cooling rate and temperature plot in Figure 5.6.

Utilizing 15W power ultrasoundrradiation during crystallization and dissolution
processes, the temperatufedissolution was atalues of 73 °C, 65.5°C, 59°C and
50.2°Cfor 45g/L, 40g/L, 35g/L and30g/L solution, respectively. This resultreveas

that ultrasound des not have obvious effect on dissolution becadsgsolution
temperatures did not show much distinctness cordpaieh the 73.3°C,66°C,
60.2°C and 49.6°C in silérconditiors. However, the MSZW foithe above four
concentratios were found to be 9.9°C, 8.7°C, 13.4°C and 13.9°C which were
narrowedby 1.5-3.9°C It can be therefore concluded thatder the 15W ultrasound

irradiation, nucleation can occur at a lower supersaturation level.

Table 5.2: The determined crystallization and dissolution temperature for four LGA solution

concentrations in 15W ultrasound field

Cooling Teryst Standard Teryst Standard
C rate Teryst Tdiss Arithmetic | Deviation | Arithmetic | Deviation | MSZW
g/L °C/min °C °C mean ] mean ] °C
0.1 36.5,37.0,37.9 54.1,52.4,51.1 37.2 0.709 52.5 1.504 15.3
30 0.25 31.8, 31.5,32.8 55.9, 55.0, 58.2 32.0 0.681 56.4 1.650 244
0.5 34.0, 32.6, 34.8 64.1, 62.8, 60.6 33.8 1.114 62.5 1.770 28.7
0.1 45.8, 46.2, 44.0 58.7,60.1, 61.3 453 1.172 60.0 1.301 14.7
35 0.25 42.4,41.3, 40.6 61.9, 63.1,61.3 41.4 0.907 62.1 0.917 20.7
0.5 40.5,40.2,40.3,| 63.8,64.7,65.2 40.3 0.153 64.6 0.709 243
0.1 53.9,55.1, 548 67.0, 65.4, 63.9 541 0.611 66.1 1.550 12.0
40 0.25 52.7,52.9,53.4 68.5, 69.2, 68.1 53.0 0.361 68.6 0.557 15.6
0.5 46.2,46.7,46.3 71.2,69.9, 69.5 46.4 0.265 70.2 0.889 23.8
0.1 62.4, 62.8, 62.9 74.1,73.8,72.9 62.7 0.265 73.6 0.625 10.9
45 0.25 62.9,61.7,62.3 76.4,76.2,77.1 62.3 0.600 76.6 0.473 14.3
0.5 61.5, 61.6, 60.5 77.9,78.0, 78.7 61.2 0.608 78.2 0.436 17.0
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Figure 5.6: Averaged crystallization and dissolution temperatures for four LGA solution
concentrations in 15W ultrasound field

5.3.1.3Nucleation in 25W Power Ultrasound Field

Since the 15W ultrasound narrowed the MSZW, an increased ultrasound power of
25W was extensivelyised to study the ultrasound power effect on nucleation. Table
5.3 summarizesthe crystallization and dissolution tesrptures for various
concentration solutiors. Figure 5.7 demonstrate the average temperature for
crystallization and dissolution plot versus the cooling rate. The MSZW is determined
from the extrapolated cooling rate at equilibriurt

The MSZW in 25Wultrasound experimental condition &were found to be 8%&,

8.9°C, 10.3C and 12.0C for 45g/L, 40g/L, 35g/L and30g/L solution respectively. As
expected, these results were also consistent with the nucleation theory that the higher
the concentratiosolution, the smaller the MSZW. In addition, the MSZW in applied
25W ultrasound field for all the concentrations were smaller than the one obtained in
former two experimental conditions, which associated with a smaller-acndéng to

achieve bulk nucle#tn.
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Table 5.3: The determined crystallization and dissolution temperature for four LGA solution
concentrations in 25W ultrasound field

Cooling Tceryst Standard Tcryst Standard
C rate Teryst Tdiss Arithmetic | Deviation | Arithmetic | Deviation | MSZW
g/L °C/min °C °C mean ] mean ] °C
0.1 41.0,40.2,38.6| 52.6,52.9,52.9 39.9 1.222 52.8 0.173 12.9
30 0.25 40.1,39.540.9| 58.1,56.8,57.0 40.2 0.702 57.3 0.700 17.1
0.5 38.5,38.2,37.4| 62.9,61.4,63.2 38.0 0.569 62.5 0.964 24.5
0.1 50.2, 495, 48.8| 59.8,60.3,61.3 495 0.700 60.5 0.764 11.0
35 0.25 48.5,50.5, 48.6| 64.5,65.3,63.1 49.2 1.127 64.3 1.114 15.1
0.5 47.8,49.0,48.1| 64.1,65.8,66.0 48.3 0.625 65.3 1.044 17.0
0.1 55.4,55.7,56.5| 64.3,66.1, 65.3 55.9 0.569 65.2 0.902 9.3
40 0.25 55.5,54.2,57.4| 68.8,69.7, 69.8 55.7 1.609 69.4 0.551 13.7
0.5 51.2,52.8,53.4 | 66.6,67.7,68.2 52.5 1.137 67.5 0.819 15.0
0.1 65.3,64.5,62.6| 74.9,75.2,75.0 64.1 1.387 75.0 0.153 10.9
45 0.25 63.1, 63.8,63.9| 75.4,76.8,75.8 63.3 0.436 76.0 0.721 12.4
0.5 59.0,61.4,59.2| 77.5,79.379.2 60.2 1.332 78.7 1.012 18.5
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Figure 5.7: Averaged crystallization and dissolution temperatures for four LGA solution concentrations
in 25W ultrasound field



Figure 5.8 depicts the variatiasf the solubility and supersolubility curves of LGA
agueous solution under different experimental conditions. It can be seen that the
presence of ultrasound did not change the dissolution temperature of LGA as the
solubility of the three experimentabndtions were kept at the same level. Whereas,
the fairly narrow MSZW of 15W and 25W ultrasound irradiation systegygests that

the ultrasoundassisted crystallization system required a lower supersaturation and
less driving force for nucleation to occuralso implies that power ultrasound allows
enhanced nucleation over a narrower temperature range and results in relatively
reduced control of the crystallization system. Therefore, the advantage of ultrasound
is that it can induce primary nucleation te@ throcess whergpontaneousucleation
cannot occur. The ultrasonic technology employed in crystallizatioreffaatively
prevent the impurities being imported since the seeding in conventional industrial

crystallization operations can be simply replaced.
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Figure 5.8: Solubility and supersolubility curve of LGA aqueous solution in silent condition, 15W
ultrasound field and 25W ultrasound field
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5.3.1.4 Calculation of Nucleation Order and Nucleation Rate

Based on Nyvils analyss of the data, explained in detail in Chapter 2, the nucleation
order, m and the nucleation constark;, can be determined by plotting the log
(cooling ratep) against the log (MSZW) for each concentration.

Figure 5.9 shows the plot of log)(versus Ig (MSZW) along with the equations for

the line of best fit under silent conditions for four solution concentrations. The
resulting linear regression line was used to determine the order of nucleation, from the
slope, and the nucleation constant, from thtercept according to Equation (2.19).
The logarithmic data obtained under 15W and 25W ultrasound irradiation are shown
in Figures 5.10 and 5.11. TH& of the best fit is the determination coefficient that
describes how well the data collected fits torespnt theaccuracyof the nucleation

order and constant. The closer the value is to 1, the better the fit and the more

reproducible the system is.
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Figure 5.9: Plot of log (b) versus log (MSZW) for four solution concentratioodyced under silent
condition
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Figure 5.10: Plot of log (b) versus log (MSZW) for four solution concentrations produced under 15W
ultrasound irradiation
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Figure 5.11: Plot of log (b) versus log (MSZWr ffour solution concentrations produced under 25W
ultrasound irradiation

From Figure 5.9, the nucleation ordar,for 45g/L, 40g/L, 35g/L and 30g/LGA
solution in silent environment are 1.8413, 1.8463, 2.9362 and 3.8470, while the
calculated nucleationonstantsk,, are 1.24x18, 2.59x10", 1.68x10" and 8.06x10,

respectively. According to the nucleation rate expressioigefation 2.15), the
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nucleation rate of above concentration solutions in silence are found to be
1.43x10%/m3s, 2.76x10/m3s, 113x10%/m’s and 1.21x18/m?s, respectively.

The calculated nucleation order, nucleation constant and nucleation rate of different
concentration solutions under silent condition, 15W and 25W power ultrasound
irradiation are listed in Table 5.4.

Table 5.4:The summary of calculated nucleation order, nucleation constant and nucleation rate under
silent condition, 15W and 25W ultrasound irradiation

Solution Nucleation | Nucleation Maximum Nucleation
Experimental| Concentration order constant allowabke Rate
condition Cl glL m Ko supersaturation ~ J/m’s’
OCrmax/ °C
45 1.8413 1.24E3 3.78 1.43E2
in silence 40 1.8463 2.59E4 3.60 2.76E3
35 2.9362 1.68E4 4.18 1.13E2
30 3.8470 8.06E5 3.67 1.21E2
45 3.5993 1.37E3 3.34 2.15E2
15W 40 2.2833 2.86E4 3.14 1.69E2
ultrasound 35 3.1194 2.44E4 3.51 1.22E2
30 2.4264 7544 3.43 1.50E2
45 2.7311 1.53E3 3.24 3.79E2
25W 40 3.0692 9.03E4 2.77 2.06E2
ultrasound 35 3.5308 3.56E4 3.24 2.25E2
30 2.4829 1.26E3 2.89 1.76E2

The nucleation order is a fundamental physical paranoéta crystallization system

that describes the dependence of the MSZW on the cooling rate under given process
conditions. However, this is just apparentorder because it associates with the
unknowncrystal growth and is therefore not the true nuabeatrder. It can be seen
from the calculated results that the value of the apparent nucleation order is relatively
small, which suggeststhat the nucleation rate is greater than the supersaturation
generation and the MSZW is cooling rate independent.Haratordsthe MSZW is
controlled by the kinetics of nucleatioRor all the examined concentrations, the
apparent nucleation order and thecleationconstant both increased when ultrasound
irradiation was applied and hence resulted in the greater riooleate. The result is
consistent with the previous study of ultrasound effects on nucle@doa et al.,

2006b) and suggestsa diffusion controlled mechanism. Furthermake] vsl wori
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pointed out that the nushtion order depended on neither the presence/absence of the
solid phase, nor on the temperature. Its value reflected the molecular weight of
crystallizing substance and is approximately inversely proportional to the number of
particles required to form @itical nucleugNyvlt, 1968) Therefore, the higheralue
of nucleation ordexin the ultraound field was suggestive of a sma#eergybarrier

for nucleation.

5.3.2 Induction Time Studies

Rapid cool studies were conducted at the same solution concentrations to examine the
induction time and hence evaluate the interfacial tension and kcntickeus size for
identical systems.

5.3.2.1 Induction Time Measurement

Once the MSZW was determined, three bottom temperatures within the metastable
zone were selected for the crash cool study. The bottom temperatures that were set for
induction time mesurement for differentoncentratios of solution were:

0 30g/L 41°C, 43°C, 45°C

i 35g/L 43C, 45°C, 47C

i 40g/L: 50°C, 52°C, 54C

0 45¢g/L 58C, 60°C, 62°C

Figures 5.12 to 5.14 display the typical induction time measurement data for different
operating systemof 30g/L LGA solution at bottom temperatures of°€] 43°C and

45°C. It can be seen that the turbidity readings at the early stage of the experiments
were increased indicating thiitial dissolution of chemicals during the gneating

stage. The readisghen remained constant for a considerable duration and eventually
reduced dramaticallyhich implied the appearance of crystals. Induction time is
counting from the moment when the bottom temperature is reached and stays stable

until the first detectabl crystals appeatr.
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Figure 5.12: Induction time measurements for 30gglutamic acid solution at a bottom temperature
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Figure 5.13: Induction time measurements for 30gglutamic acid solutio at a bottom temperature
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Figure 5.14: Induction time measurements for 30gglutamic acid solution at a bottom temperature
of 45°C

Thus, according to the variation of turbidity readings during the cooling process
shown in Figure 5.12, the induction times3&fg/L LGA solution in the absence and

the presence of 15W and 25W ultrasound were found to be approximately 56 mins, 20
mins and 8 mins at 4C, respectively. All the induction times obtained at different
bottomtemperatures are listed in Table 5.5. Under the same experimental conditions,
the higher bottom temperature associated with the lower supersataatismaller
concentration driving force, as expected, led to the overall longer induction time. It
can beseen clearly from the curve that the nucleation induction time was significantly
shorten at all the bottom temperatures whdtesoundirradiation was present, and

the induction time was reduced with increasing the ultrasound powhis result

also ageeswith the reported effect of power ultrasound on nucleation kinetics
(Luque de Castro and Prie@apote, 2007, Guo et al., 2006b)

8C



Table 5.5: The summary of recorded induction time

C Bottom Induction time Averaged induction time

g/lL Temperature min min
°C silent 15w 25w silent | STDEV | 15w | STDEV | 25w | STDEV
41 53, 56, 57 17, 20, 18 7,8,8 55 2.082 18 1.527 8 0.577

30 43 86, 89, 94 45, 48, 43 24, 23, 26 90 4.041 45 2.517 24 1.528
45 194, 198, 207| 72,67, 68 29, 31, 30 200 6.658 69 2.646 30 1.000
43 23,19, 17 11, 12,13 98,9 20 3.055 12 1.000 9 0.577

35 45 26, 22, 26 18, 15, 13 13,13,11 25 2.039 15 2.517 12 1.155
47 46, 48, 42 24, 23, 26 15, 17, 17 45 3.055 24 1.528 16 1.155
50 14,11, 13 7,7,8 5,4,6 13 1.528 7 0.577 5 1.000

40 52 29, 30, 33 12,14, 15 10,9,9 31 2.817 14 1.578 0.577
54 34, 38, 37 19, 21, 18 11,12, 14 36 2.817 19 1.578 12 1.528
58 16, 17, 20 12,11, 10 8,9, 7 18 2.082 11 1.000 8 1.000

45 60 36, 39, 39 15,12, 16 11, 10, 10 38 1.732 14 2.082 10 0.577
62 73,69, 75 36,35,39| 18,19,22 72 3.055 37 2.082 20 2.082

5.3.2.2Evaluation of Interfacial Tension and Critical Nucleus Radius

Based on the assumption that the crash cool crystallization performed the

homogenousnucleation, the interfacial tension can be calculated according to

Equationg2.11) and (2.21) which desceb the inversely proportional relationship of
induction time and homogenous nucleation rate. By plotting tgg &t different
bottom temperatures againstTE(logS)?, a straight line willresultwith a slope ofAd

that written as:

A= % (51)

3kg”

where k is the Boltzmann constant of value of 1.3806% J/K and v, is the
molecular volumeof the LGA crystal, which can be calculated from its molecular
weight and solid density by:

M

n —=-——— 5.2
© r.3N, (5.2)

with the density; of 1560 kg/ni, the molecular weight of 147.13 g/mol and
Avogadrds number of 6.0210%, the LGA molar volume was found to be 1x362®

m®. The interfacial tensioncan be determined from the given gradient.
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Figure 5.15: Plobf log(tind) against 1/ T3(logS)2 of 30g/L LGA solution in silent, 15W ultrasound and
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Figure 5.15 shows the plots of logd) versus 1/T3(logS)? of 30g/L LGA solution in
various experimental conditions, where the interfacial tension was determined to be
1.79%10° Jint, 1.7410° J/nf and 1.7610° J/nf from the slope of the regression
lines used to fit data points for experimental conditions without ultrasound, with 15W
and 25W ultrasound irradiation, respectively. The plots of lpg) (versus 1/
T3(log9? for other concentrations were displayed in Figures 5.16 to 5.18.

The interfacial tension values determined were then used to calculate the critical
nucleus radius;, through the applicatioof Equation(2.22), which assumes that the
spherical shape partes are produced. The supersaturatiors@fL LGA aqueous
solution at 41C, 43C and 48C are obtained from previous solubility and
supersolubility curves, and hence the critical nucleus radius were calculated to be
11.37A, 13.43R and 17.94.
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Figure 5.19: The effect of temperature and supersaturations on the critical nucleus radius of 30g/L LGA
solution

Figure 5.19 depictthe effect oftemperaturend supersaturation levels on the size of

the critical nucleus for different opding conditions of30g/L solution. The
dependence of the critical nucleus radius on supersaturation and temperature suggests
that the size of the critical nucleus decreases for decreasiysjallization
temperatures and increasing the supersaturatitmchwauthenticates the classical
nucleation theory. At the same temperature and supersaturation level, the size of

critical nucleus also decreases as the higher ultrasound power is applied.
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The subsequent number of molecules #nast in the critical nuatus, N*, can be
determined by:

_4p(r)°
Y

N (5.3)

c
The summary of the measuradduction time, the calculated interfacial tension,
critical nucleus radius and the number of molecules in thearitucleus are listed in
Table 5.6

It can be concluded that ultrasound irradiatggnificantly reduced the induction

time, and the ultrasound effect was increased with increasing the ultrasound power. It
is worth noting that this ultrasound effect wasrticularly evident at low
supersaturation levels. Takirggg/L solution at supersaturation of 1.07 for instance,
the induction time was 200 mins in the absence of ultrasound while it reduced to only
30 mins in the presence of 25w ultrasound. The intiaifaension and the critical
nucleus size are the important characterzadmeterso describe the system energy.

The calculation results revealdldat the interfacial tension and the critical nucleus
size are decreased when power ultrasound is pre&dditionally, the higher the
irradiation power, the smaller the interfacial tension and the critical nucleus size. This
can be explained by the postulate that power ultrasound irradiation sufficiently
reduces the energy barrier to allow nucleation to oczadily

Possible reasons for the power ultrasound effect on nucleation are: 1) cavitation
phenomenon results in extreme excitation which can greatly improve the nucleation
rate or induce the primary nucleation; 2) the presence of cavitation bubblesgedu
the solidliquid surface energy and makes nucleation occur more easily; 3) cavitation
bubbles themselves could be acting as nuclei for crystal growth. Based on the idea
that the concentrated energy released due to the transient bubble collapse was the
cause of power ultrasound effect on crystallization behaviousftamptto correlate

the cavitation and nucleation was presented in Chapter 6.



Table 5.6: The summary of induction time, interfacial tension, critical nucleus radius and numb&rapil@sdn critical nucleus of-glutamic acid in silence, 15W
ultrasound and 25W ultrasound conditions

Bottom Induction time Interfacial tension Critical nucleus radius Number of molecules
C Temp S ting/ MIN 3/ Jim? ro/U in critical nucleus\N*
g/lL T/°C silence| 15w | 25w | silence| 15w 25w | silence| 15w | 25w | silence| 15w 25w
41 1.12 55 18 8 114 111 10.8 39 36 34
30 43 1.10 90 45 24 1.79E3 | 1.74E3 | 1.70E3 13.4 131 12.8 65 60 56
45 1.07 | 200 69 30 18.0 17.5 17.1 156 144 134
43 1.28 20 12 9 11.6 11.0 10.3 42 36 29
35 45 1.25 25 15 12 | 4.02E3 | 3.81E3 | 3.56E3 | 12.8 12.2 114 56 49 40
47 1.22 45 24 16 14.3 13.5 12.6 78 66 54
50 1.36 13 7 5 9.83 9.58 | 9.16 25 24 21
40 52 1.30 31 14 9 4.31E3 | 4.20E3 | 4.02E3 114 11.1 10.7 40 37 33
54 1.25 36 19 14 13.3 13.0 12.4 63 59 51
58 1.32 18 11 8 114 11.2 10.2 40 38 28
45 60 1.28 38 14 10 | 4.64E3 | 4.55E3 | 4.13E3 | 12.8 12.5 114 56 53 39
62 1.23 72 37 20 15.1 14.8 13.5 93 86 65
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5.3.3 L-Glutamic Acid Polymorphic Form Identification

5.3.3.1 Cooling Rate Effect on Polymorphism

The polymorphic form obtained from crystallization is determined by the
polymorphic transformation process that mainly occurs at the nucleation stage. The

powder xray diffraction analysis (PXRD) results of final products cry=iadl from

different concentration solutions with cooling rates are shown in Figures 5.20 to 5.22.

The pfuorrem UarmdGABPXRD patterns are also presented in each figure

according to the PXRD ICDD cards, -081-1715 and 0321701, respectively.

Those peaks at 2d=18.2A, 23. 7ArmRPGA, A and 32
the peaks at 2d=20.5A, 21. 9-#formlGA. Rolingand 37 .
that the PXRD profiles displayed in this work have beenceded for better visual

clarity and by comparing the characteristic peaks, each polymorphic form can be
readi |y di stingui shed. -farh evas rp@ducetd wisen s how t
0.1°C/min cooling rate was used for all the four solution concentrations. Increasing

the coolingrate¢ o 0. 25AC/ mi n, the LGA cr yfertnal s pro
andf oborm mi xed. Wi t h a c oo {forrmwas isolatedewito f 0. 5 A
solution concentrations a80g/L, 35¢g/L and 40g/l. b ut -f @ tmh -folnd b

crystals were observed with 49gconcentration.
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Figure 5.20: Powder Xay diffraction profiles of LGA final slurry cooling at 0.1°C/min
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Figure 5.21: Powder Xay diffraction profiles of LGA final slurry cooling at 0.25°C/min
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Figure 5.22: Powder Xay diffraction profiles of LGA final slurry cooling with 0.5°C/min
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Table 5.7: Polymorphism ofdlutamic acid crystals with various cooling rates at 10°C

Concentration Cooling rate of Cooling rate of Cooling rate of
g/L 0.5°C/min 0.25C/min 0.2°C/min
45 Utb Utb b
40 U Utb b
35 U Utb b
30 U Utb b

Table 5.7 summaries the polymorphic form generated from different concentration
solutions at various cooling ratasfinal bottom temperature of 40 In summary, the
cooling rate does influence the polymorphic formation of LGA: the slow cooling rate
results in the pure stabbeform, while the fast cooling rate leads to the crystallization
of the metastabld}-form; both theU-form and theb-form are preserdt the medium
cooling rate. These results contradict the finding of Ni g€f\let al., 2004)put agree

with the other works of the cooling rate effect on LGA polymorph{itamura,
1989, Mougin et al., 2002, Liang et al., 200Qfwalds step rule states that the least
metastable form with the highest solubility should come out first due to the low
energy barrier during the crystallization procasd then transform to the stable form.
Therefore, the metastablgform of LGA should appear first and is followed by the
transformation of Uform to the stableb-form. However, the sufficient long
transformation time is requested. The reason that onlyntket a s t-farh was U
produced at fast cooling rate of 83min can be explained as there is no time for the
metastabld}form to transform to the stabfeform. In order to examine whether or
not the ultrasound irradiation can modify the formation ofAL@Ilymorphic form,

the moderate cooling rate of 0°ZFmin was chosen and the crystallization processes
were treated with different level of ultrasonic power. The PXRD analysis of the

crystal produced is shown in Figures 5.23 to 5.26.
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Figure 5.23: Ultrasound irradiation effect on LGA polymorphisms generated from a concentration of

30g/L, cooling rate of 0.25°C/min
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Figure 5.24: Ultrasound irradiation effect on LGA polymorphisms generated from a cotioantfa
35g/ L, cooling rate of 0.25°C/min
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Figure 5.25: Ultrasound irradiation effect on LGA polymorphisms generated from a concentration of

409/ L, cooling rate of 0.25°C/min
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Figure 5.26: Ultrasoundradiation effect on LGA polymorphisms generated from a concentration of

45g/ L, cooling rate of 0.25°C/min

As can be seen from Figure 5.23, the specific peaksfofm at 2=18.6 and 23.7
are disappeared when 35W ultrasound was applied, which indicates that the

metastabldJ-form has completely transformed to the staform. However, with
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lower ultrasound treatment, 15W and 25W, the final slurry LGA polymenpéiwith

the moderate cooling rate are still the same as in the silent condition, found to be
Uform andb-form mixed. The full transformation of the metastabléorm to the
stableb-form was observed in presence of 25W and 35W ultrasound for concentratio
of35g/L, as shown in Figure 5.24. For the higher concentration soludOggl.- and

45¢/L, the stableb-form wasobtained exclusivelyor all the sonication conditions.
Considering the PXRD analysis, the polymorphs of LGA with different ultrasound
irradiation are summarized in Table 5.8. Clearly, power ultrasound irradiation favours
the precipitation of thé-form suggesting the fact that ultrasound has an impact on
LGA polymorphism. It can be also found that pure stdipferm can be easily
obtained byapplying high power ofultrasound Moreover, for relatively high
concentration solutions, the ultrasound power required to generate the stable
polymorph is lower, only 15w in the current work #0g/L and above. It is possibly
attributed to the concentrah effect on polymorph generation. According to the study

of LGA carried out by Ni et al., the solution concentration played a significant role in
crystal morphology: metastabléform crystals werepreferredat low to medium
concentration, while stable-form crystak werepreferredat high concentratio(Ni

and Liao, 2008)

Table 5.8: Ultrasound effect on formation of LGA polymorphs

30g/L 35g/L 40g/L 45g/L
Ultrasound power
0 (in silence) Utb Utb Utb Utb
15W Urb U+b b b
25W Utb b b b
35W b b b b
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5.3.3. 2 Crystallization Temperature Effect on Polymorphism

Besides the solution concentration and cooling rate, the crystallization temperature is
another factor that determines the crygi@ymorphism.At the samesupersaturation

of 1.3 without application of power ultrasound, the PXRD profile of LGA crystallized
from different temperatures from 8D to 20C is shown in Figure 5.27. The only
nucleated polymorph at 26 and 20C was the mestableUform, implying that no

U to b-transformationoccurredduring the crystallization as the LGA polymorphic
transformation wasrreversible The characteristi® peaks at &21.9 and 29.9
manifest the transformation &f to b-form at crystallization tengratures of 4TC

and 30C but obviously, the transformation was not complete because the specific
Uform peaks were still observed. At the higher crystallization temperature’@6f 50

the isolation polymorphic form was found to be the stékierm. These eperimental
results suggest that crystallization temperature has a remarkable effect on LGA
polymorph formation: low crystallization temperature favours the precipitation of the
metastabldJ-form while the stablé-form is favoured over the high crystafition
temperature ranges. This reveals the findings reported by Kitamura who pointed out
that full dissoltion of Uform and transformation took place well above@%ut

below the crystallizationemperatureof 25°C, the transformation rate was very slow

that only the preformet-form persistedKitamura, 1989)
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Figure 5.27: Power-ray diffraction patterns of LGA crystallized from different temperatures

The PXRD pattern, presented in Figures 5.28 to 5.31, illustrated the potential effect of
ultrasound on LGA polymorphism under diffate crystallization temperature
conditions. Confornming to the purel- and b-LGA PXRD profile, no b-form was
observed in the absence of ultrasound Bidrm LGA was the only polymorphic
form isolated at 2UC (Figure 5.28) Experiments performed yielded pure metastable
Uform with the application of 15W power ultrasountitHe ultrasound power was
boosted up to 25W and 35W, the appearance o$pkeific b-form peaks indicated
the transformation oflform to b-form. Similar results were found at %5
crystallization temperaturesee Figure 5.29polymorphic transformatioroccurred
with 15W and 25W ultrasound irradiation and the particles prodweect the
admixture of both forms. When thdtrasoundpower is high enough (35W), the
process was allowed to produce pure stéblerm which could not be observe at
such a low tmperature in the absence of ultrasound. Therefsesumablyit is also
possible to produce pufeform with the help of power ultrasound irradiation at the
higher temperature regions of “8 and 40C. Figures 5.30 and 5.31 indicate the
conjecture 25W ultrasound irradiation resulted in the full transformationUgbrm

LGA and hence the production of pusdorm at 30C, while 15W ultrasound was
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sufficient at 40C crystallization temperature.
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Figure 5.28: Power xay diffraction profile of LGA crystallized at 20°C using different ultrasound
powers
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Figure 5.29: Power-ray diffraction profile of LGA crystallized at 25°C using different ultrasound
powers
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Figure 5.30: Power-ray diffraction profile of LGA crystallized at 30°C using different ultrasound
powers
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Figure 5.31: Power-ray diffraction profile of LGA crystallized at 40°C using different ultrasound
powers
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Table 5.9: Polymorphs identifiian of LGA slurry crystallized from different temperatures

Temperature In silence With 15w US With 25w US With 35w US
50°C b
40°C U+b b b b
30°C U+b U+b b b
25°C U Utb U+b b
20°C y U U+b Urb

The summary of the effect of ultrasound power onALGystallizing at different
temperatures igisplayedin Table 5.9. It is not difficult to conclude that ultrasound
has a distinct effect on determination of LGA polymorphisi8ufficient ultrasound
power allowed the arising of} to b-form transformation even at the low

crystallization temperature extent where ttagsformation rates very slow.

In conclusion, ultrasoundssiséd LGA crystallization is preferred to produce the
stableb-form, either in the context of using fast cooling rate or lowstatjization
temperature, where the crystallizationUgorm favoured. Moreover, it is easier to
obtained puré-form LGA by applying high ultrasound power. Interestingly, the pure
Uform was reported to be produced at high supersaturation lefvals to 4.2 with
irradiation of power ultrasounghich prevents the LGA polymorphtcansformation
(Hatakka et al., 2010)rhe transformation of LGA polymorphs has been proven to be
the solutioamediated dissolution of the metastaklorm and the nucleation and
growth of the stableb-form (Kitamura, 1989)and here are several possible
mechanism interpretations with respect to the promotion effect caused by applied
ultrasound.

In this context, Cao et glCao et al., 2002nvestigated the influence of ultrasound on
polymers and proposed that the selective polymorphic form produced by the
application of ultrasound was due to its selective acceleration of the growth on one of
the polymorphic forms while repressing the growth of the other one. However, this

mechanism seems not to be the case with LGA crystallization. S{idiasura and
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Funahara, 1994, Cashell et al., 2003, Ferrari and Davey, 2p@4llated that the
stableb-form was nucleated and grown on the surfac&-adrm. Since theJd-form

acted as the heteronuclei for theform, any attribution process that abrades the
Uform surface or advances the surface nucleation ofbtfeem will effectively
improve the transirmation process. Thanks to the straadulert motion caused by
acoustic cavitation, ultrasound provided a well mixed agdated crystallization
environment which is typicallpropitiousto the secondary nucleation of the stable
b-form and subsequentlyspeeds up the transformation rate. The postulation that
power ultrasound expedites the diffusion and mass transfer is another possible
explanationin term of its enhanced actidGuo et al., 2006a) Furthemore the
stableb-form has smaller solubility at all temperature ranges agbehi associated

free energy barrier than the metastablorm. Without ultrasound irradiation, the
Uform is therefore expected to nucleate and grow more fully in solutions. Ultrasound,
as an external factor in crystallization, provides additional enégyhe stable
b-form to overcome its energy barrier, that is, it results in a greater nucleation rate of
b-form. Therefore, ultrasound with precise power has the potential to modify and

manipulate the synthesis of LGA polymorphs during the crystallizatiocess.

5.4 Conclusion

This chapter has investigated the nucleation behaviour of ultrasmsiskd LGA
cooling crystallization. It was found that the metastable zone width was narrowed and
nucleation can occur at a relative low supersaturation leverevbltrasound was
applied. The induction time was significantly reduced by ultrasauadiation;the
corresponding smaller calculated critical nucleus radius and interfacial tension imply
the lower energy barrier for ultrasound involved nucleation. Bbth apparent
nucleation order and theucleationconstant were increased by application of power
ultrasound, and hence resulted in the acceleration of the nucleation rate. Additionally,
the promotion effect of power ultrasound increased with increasiragolnd power.

For the LGA polymorphism section, the stableorm was tend to be generated with a

fast cooling rate and a high crystallization temperature range, while the slow cooling
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rate and low crystallization temperature was propitious to the isolation of the
metastabld}form. Power ultrasound was indicattaifavour the precipitation of the
stableb-form LGA by enhancing the transformation rate from rietastabléform.

The preferencefor b-form catalysis was increased with the increase of ultrasound
power. As a final remark, LGA polymorphs can be desigmethgenious combined
controlling of the crystallization temperature, cooling rate and precise application of

ultrasonic irradiation power.
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Chapter 6

Nucleation Kinetics Developnent of Power
Ultrasound AssistedL -Glutamic Acid
Crystallization

Summary: The possible mechanism of ultrasound involvinglutamic acid
crystallization is addressed in this chapter by correlating the power ultrasound trigger

nuclei number and collapse pressure in the solution.
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6.1 Introduction

Powe ultrasound, frequemes rangng from 20 kHz to 2 MHz, hze been widely
utilized and developed in chemical processing to promote or modify the chemical
reaction. Ultrasound used as an extend factor plays an important role by controlling
crystal structuremorphology, size distributioand rate of crystallizatigrthis is so

called sonocrystallizatioandhas serious importande the pharmaceutical industry.
Sonocrystallization investigation has been carried wigely variety of material
systems such aspxeting(Craig, 1999) atopic a@ (Anderson. H. W, 1995amino

acid (McCausland.L. J, 2001, Linda J. McCausland, 20spe molecular system

like proteins and high water soluble compound sud&wsecroft et al., @05)
Adequate research evidencasproved that ultraound results in some promotioh
crystallization process, especially the nucleation stag®ian and Botsaris, 1997,
Guo et al., 2006b, Lyczko et al., 2002, Kelly et al., 1988) ultrasonic effects also
exhibit shifting particle size distributiofEnomoto et al., 1992, Shekunov and York,
2000, Price,1997) efficiently avoiding aggregation of particlgdNyvit, 1995)
modifying crystal morphologyVeltmansW H M, 1999)and polymorphs synthesis
(Louhi-Kultanen et al., 2006, Ueno et al., 2003, Higaki Kaoru, 2001, Cao et al., 2002)
The basic expemental work presented in Chapter 5 has indicated that power
ultrasound with various applicatiqgpowersefficiently improved the nucleation rate

and allowed nucleation to occur at a low supersaturation level for LGA crystallization.
The reason why ultrasodrexhibits as an auxiliary factor is not yet explained and it is
necessary to discover the internadlevane of ultrasound and nucleation for
sonocrystallization process development.

The cavitation bubbles created by the passage of ultrasound througblukien
during the alternate compression and rarefaction cycles are believed to be the original
causation of the sonochemistry effectther than the ultrasourndave itself. Some

the possible theories are raised to explain the ultrasound effects. fFsgohoheory
points out that bubble collapse leads to the extremely high local temperature and

pressure, proved up to 5000°C and 2000 atms, and the violently and rapid energy
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release providing the energy fdne nucleation processnd hence improve the
crystallization process. To correlate the cavitation bubble pressure with the nucleation
rate, Virone etqVirone et al., 2006xalculated the induction time and compared

with the valueobtainedfrom experiment in a designed sonicator, but the results did
not match.The localized turbulence induced the shock wave and iotostreamis
regarded as the decisive factor which greatly increases the collision between solid
molecules and acceleratéhe boundary mass transfer. Corresponding studies found
that the diffusion coefficient and the interfacial area were increased in presence of
ultrasound and hence improved the mass transfer of s@Bue et al., 2006b,
Thompson, 2001)According to the surface chemical theory, the attraction between
the nucleus surface and gas moleculeb make the gas moleculessamble around

the nucleus and presentasloud which is able to reduce the sdliguid interfacial
tension. It is propose(Qiu.Tai Q, 1993)hat acoustic cavitain bubble collapse can
produce this gas clou@nd hence decrease the interfaci@nsion for nucleus
formation. A hypothesis bsed on the evaporation descdbthat evaporation of
solvent into cavitation bubbles results in the increase of local solutertwation and

the supersaturation therefore thmomotion of crystallization(Wohlgemuth et al.,
2009) Andthe segregation hypot fGessierset a.,r200f) Gr oS s i
suggested thdhe large pressure gradient developed by cavitation bubble collapse can
segregate large molecules onogatrticles and enhance the crystallization process in

a metastable equilibrium state.

Even these esearch works have given grembpetus to the development and
understanding ofthe sonocrystallization mechanism, cavitatiophenomenon
associated with ralom bubble growth and collapsas well as the uncertain
calculation makes the sonocrystallization still get well explainedand only a few
researcher have established the relationship between crystallization and ultrasound in
terms of physicatbased prameters. Thishapterprovides cavitation bubble collapse
pressure profileand correlates the collapse pressure tidprimary nucleation rate.

In addition, based on thessumption of cavitation bubble collapse chiagghe local

solution pressure andduced nuclei for crystal growth, the numlmérnucleiin the
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solution from experimental results and cavitation involved parameters are calculated
and comparedin order to explain the possible mechanism for ultrascassi$ed

LGA crystallization.

6.2 Collapsing Bubble Pressure Estimation of the Probe

Ultrasonic System

Transient cavitation bubblgropagation due to the pressure variation go through a life
cycle of growth during a negative pressure cycle and collapse during a positive
pressure cyclethrough which large amounts of energy are released into the
surrounding areaThis work assumes that the local pressure change caysed b
implosion of micrebubblesis a contribuing driving forcein the nucleation process
besides thesolution supersaturationAccording to the motion and continuity of
cavitation bubbles, their dynamjcsinder an ultrasound pressure fielchn be

described by the RayleigPlesset equatiofTimothy J.Mason, 2002)

D

1
m o312 1% 29 _AR§ 29 ,, R . 2
RR+(=)R ==9qR,+=- P)&e=20 - —=- 4h—- B, +P,sin@2uf t)u 6.1
(2) rg(o R V)QRQ R R otFa (,Ofa)8 (6.1)

2
is the acceleration of

T dR . : R
where R:a is the cavity bubble wall velocityR = t2

the cavity wall,R is the cavitation bubble radiuR; is the equilibrium bubble radius
under ambient pressurBy is the ambient pressurB, is the vapar pressure bthe
liquid, 2 is the liquid surface tensioi is the polytropic index of the gaq,is the
liquid viscosity,Pa is the amplitude of the wlisound driving pressure réateg to the
ultrasonic system power and f is the frequency of acoustic sound.

A numberof models hae usedhe RayleighPlesset equation to estimate the bubble
size and cavitation pressure under acoustic fielifgenfeld et al., 1998, Matula,
1999, Virone et al., 2006)owever,the RayleighPlesset equation is a second order
nonlinear differential equationinvolving a number of uncertain parameter

estimatiors which make the calculation relatively complicate Based onthe
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RayleighPlesset equation, Gogate and Pandit developed the correlation using the
easily measurable global parameters for common sonochemistry appli€adigate

and Pandit, 2000)
R:ollapsezlléKRo)-llgs(l )-0.17(f)0.11 (62)

This correlation can be used in all kind of the sonochenaipplicationprocedure

design where the rigorous numerical solution & BayleiPlesset equation is not

feasible. The parameters in Equation 6.2 used the initial cavity Rjzen mm, the

intensity | and frequencyf of the irradiation ultrasound in W/dmand kHz,

respectively. Notably, there are correspogdranges of usage for each parameter
during collapse pressure calculation: 0.05mMRg®0.5mm, 10W/crfxl<300W/cnf

and 10kHz$<120kHz. Since the initial cavitation bubbles in this case are smaller than
0.05mm, this correlation is not propitious for presssgtmation.

Another simplified correlation given by Noltingk, Neppiras and Flyifimothy
J.Mason, 2002vill be used inthe present work instead for adiabatic bubble collapse
maximum pressure detemmation. The equation relatélse pressure in the bulebat

its collapsing maximum siz®, which equals to the vapour pressure of water at
collapsing temperaturghe transient cavitation bubble collapse pressure in the liquid

Peollapse@nd the polytropic index of gas mixtufecan be expressed by:

gP_ (K - 1) gK-1
I:z:ollapsez P‘l ( )U (63)
| P
For adiabatic collapsef bubbles containng air, K equals to 4/3And with
P =R *P, 64

wherePy is the hydrostatic pressure irethiquid andP, is the acoustic field pressure

defined by

P, = P,sin2ut (6.5
The applied power ultrasound amplituélecan be calculated from

P,=y2r.C, (6.6

where} | is the density of solvenC, is the velocity of sound in water and with the
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ultrasonic intensity in W/cnt:
P

| =2 6.
A (6.7)

here Pouput iS the output power ahe ultrasonic probe and, is the surface areaf
ultrasound probe tip

Assuming symmetricubble collapsaevashalted abruptlyoy the compressed contents
of the bubble resultg in the propagation of shock wave that expahals a ring and
travelled away fromthe collapsel cente. The shock wave was initially generated of
collapse pressure amplitudaut could only spreador a certain distance which
stogpedwhen the pressumasreduced to ambient pressure. This predicted pressure
upon collapseof the bubble will lead to the accekgion of nucleation rate in the

solution and its calculetn will be explained in detalater.

6.3 Nucleation Rate Expression under Bubble Collapse

Pressure

The demical potential of the solute in the solution is treated as the driving dbrce

the nucleation and it is pressurdependent based on thermodynamic theory.
Therefore, the solution pressure should be consibies a factomwhich affecs bulk
solution nucleation. e, which is the diff
solute in the solution and the chemical potential of the solid phase, defines the
possibility of nucleation.

The nucleation rate for sonicated crystallization &idved to be heterogeneous

primary nucleation(Kordylla et al., 2009)in which foreign bubbles reduce the
free-surfaceenthalpyand consequently act as nucleation sites. The nucleatiocarate

be calculated as

- 1609,
J=A ——— 6.8
el 3k, TDn? ) 6.8

wherekg is the Boltzmann constant, is temperaturehe factorv. is the molecular
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volume of the crystal and can be obtained from the solute molarivhasd the solid

phase density.:
Vv, = M (6.9
rC CNA
In heterogeneous nucleation, the effective interfacial tersi@defined as
Ger =V (@9 (6.10

with the prefactory determined from the wetting angtéof the nuclei onto the

foreign bubble surface.

2+cosg)(1- cosg)?
y (g = {20 %) (6.1
For crystal formation under the diffusion

Equation6.9is proposed to be
kT 3
A= ( / )2 (&, T (D, OnS 6.12
VC geff

where C is the concentration of bulk solutio,is the supersaturatiom),, is the

diffusion coefficient andC, represergthe nucleation sites on the foreign sugand

for heterogeneous nucleation, it is of valueapproximatelyl0'’ that is estimated
from foreign surface aredy,, the molecular diameted,, and the adsorption
propertieHe 54

C:O: Afor CHead @Cdm dNA (613)

Regarding the chemical eglefrei teteaninesther m e,
possibility of nucleation and can be treated as the sum of supersaturation contribution

e (aBdpressure effegpe (1 P)
D= DrtS) + DR (6.19

Based on the thermodynamics, if the partial molecular volugiashe solution and
the volume of the solute in the solid phage are assumed to be pressure
independent, the chemical potential with pressure change is expreggesiachiev
and van Rosmalen, 1995)
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Drr(P) =Dn(R) - (V. - Vo)(P- R) (6.19

The factorP is the initial pressure and normally considered to be ambient pressure of

1 bar. The terngpe () B given ly

Dr(R) =kgTIna/a,(R)] (6.16
Herea andag(Po) are the activity of the solute and equilibrium activity between the
solution and the solid phase under pres&greespectively. It is wortimoting that the
value d activity is very difficult to calculate or measure, it can be approximated by
solution concentration for dilute solutions and the tepw () s then pressure
independent. Thus, whether the pressure change insreaseducse the chemical
potential depends on the sign of the difference between the partial molecular volume
and the solute volume in solid phase, the chemical potentiabsereith the increase
of pressure when, - vs < 0, and pressure increase results in the decrease of the
chemical potential whew. - vs > 0. Based on the above equatioms can evaluate the
nucleation rate under sonicated condiiassociatedo the buble collapse pressure

profile thatdescribedn Chapter 6.2

6.4 Calculation of Nuclei Number in the Solution

To investigate the nucleation rate in the sonicated comditinduction time
measurementvas carried out due to the difficulties of direct measoent ofthe
nucleation rate. The general method to determine the nucleation rate is from the
inversely proportional relationship of induction time dhe nucleation rate. Consider

the fact thatany induction time detectg device used in the experimehas its
measurement limit for accurateystal onset point determinatiothe induction time
recorded fromthe experiment is actually a timescale including the real nucleation
induction time and a period time of crystal growtlaking the crystal growtheffect

into account the induction time is described by the corresponding expression

(Kashchiev, 2000)
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o () )36 (6.17
whereayis the dete@d limit for theinduction time measurement device (for turbidity
used in this work, the detectable diaetedf suspended crystal is about®t), V is
the experimental solution volumé; is the shape factor of crystals (for spherical
particlsbf=4" / 3, for sikxicr§K padtfioleshg=ti dHr ewipgar t i c
H refers to the constant thickness of crykthill, is the total nuclei number in the
solution, 3 is the growth index of crystals (for parabolic growttl/2 and for linear
growth 3=1), d refers to the dimension of the growth based on the crystal shape (for
1D growth of needle like crystdEl, for 2D growth of disk or square like crystad2
and for 3D growth of cubic or spherical like crystid3), G is the growth rate of
crystab. The otal nuclei number in the solution is hence calculated from
corresponding experimental measured induction time.

Assume that the nuclei in the solution are induced by ultrasound irradiation, this
nuclei number should also be a function of ultrasonic syspamameters like
frequency, power and insonation interval. According to the workiaine et al.

(Virone et al., 2006)the nucleus number in the solution is of the form
N, =B\, (6.19
with total number of cavitation bubbl&s

B=b®_. @& (6.19

cavitation —insonatio

wherebbis the bubble formation rate in the reacMyavitation iS the cavitatia volume

in the reactor and with the nuclei number generated by each cavitation Nybble

N, =J 6) (6.20

effective ~ shockwav

J is the average nucleati rate over the lifetimé&noswave Of Shock wave produced

during bubble collapse within the effective volume of shock Wa¥&:ive.
To accomplishidentification of the ultrasonic nucleation mechanishe predicted
nuclei number from ultrasound paraters will be compared with the nucleumber

achieved from experimental induction time calculat@smshown in Figure 6.1.
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Figure 6.1: The framework of ultrasonic nucleation identification

6.5 Procedure and Experimental Setup

All the experiments uized a 100 mL automatiedoublejacketed reactor from HEL

of Winlso software and the temperature of the solution was controllad~B$0HD

Julabo via oil inlet jacket. The four blade glass stiweas operatedat a150 r.p.m

stirrer speedtogether withPt100 thermometers connectad the Winlso software.

The fibre optic turbidity probe and amplifier from University of Leeds workshop were
used for crystallization onset point determination. The P1R0/gltrasonic processor
system with fixed 2(kHz frequacy and adjustable ultrasonic powensisted of a
stepdetectable probe and ultrasonic generator. The immersion ultrasound probe
duringthe experiment was positnedon a different sidefrom turbidity probe in ordr

to avoid the influence ofbubble propagtion on the turbidity measurement. The

induction time experimental crystallizer and apparatusigetreshown in Figure6.2
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Figure 6.2: Experimental apparatus-spt 1. doublgacket reactor; 2. ultrasound probe; 3.ultrasound
generator system; 4. 8&r; 5. Thermometer; 6. Turbidity probe; 7.turbidity amplifier; 8. computer

In this work, a concentration of 30g/ILGA in distill water was used for induction
time measurement. Prepared solutions were heated upNtoand keptfor 1h to
ersure LGA was dissolved properhA crash coad operation allowed temperature
decreasedo different selected bottom temperati@ 50N to 53\ within the
metastable zone corresponding to the concentration of solution based omthe fo
determired data in Chapter. Bottom temperatures were kept constant and induction
time was counted from the moment tkiad bottom temperature reached to detectable
crystak occuring indicatedby turbidity changePower dtrasound was applied when
the bottom temperaturevas reached. Two parts of induction time experiments were
carried out for 1) different power (5w, 10w, 15w, 25w, 35w) with constant sonicated
times of 180s and 2) different insonation inteng(30s, 60s, 120s, 180s, 240s) with
consant ultrasound power of 15w. Each induction time measurement was repeated

three times and the average value was taken as inductiomtoakeulated.
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6.6 Results and Discussion

6.6.1Estimation of Maximum Collapse Pressureand Nucleation Rate

The first part of the results was the calculated maximum pressure upon the abllapse
bubble from Noltingk, Neppiras and FlynnEquation (6.3). Assuming the liquid
contains only a small amount of gas or the gas has insufficient time for mass diffusion
into the cauiation bubble, the gas pressu?ein the bubble issqualto the vapour
pressure of watelP,, the @lculated parameters of concentration of 30g/L operated at
53N arelisted in Table6.1. Figure6.3 shows the maximum pressure for different
output power of utasound at variedxperimental temperature rarggelhe water
vapour pressure is smaller at lower temperature and therefore results in the higher
pressure during collapse. Thaglmer output power of ultrasounds is expected,
generateshigher collapse catation bubble pressure, ranging frod970 atm to

2.44x10° atmfor different temperature ranges.

Table 6.1 Calculation parameters and experimental conditions

Parameter Value Unit Parameter Value Unit
T 326 K Co 10" #m?
Ph 1 atm kg 1.38 10% JIK
Py 0.143 atm Po 1 atm
K 4/3 - Ve 1.5 10 m®
A, 0.636 cnt Vs 1.68 10 m°
J 1000 kg/m® ) 1.8q 10° Jint
Das 10° m?/s C 30 g/L
M 147.13 10° kg/mol S 1.02 -
Na 6.02 107 #/mol Je 1560 kg/m®
G 147.13 10° m/s ag 0.05 -
by 0.01 - v 7.0 10° m®
d 3 - g 1 -
bo 1.98 10” #im’s
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Figure 6.3: Maximum collapse pressure at different temperatures as a function of applied ultrasound
power

The partial molecular volumes of I-glutamic acid was taken as 1.68%%am®for

S=1.02 acording to the volumetric study of amino acid in aqueous medium
(Muhammad J and Mohammad I011) and thel-glutamic crystal volumes, was

calculated as 1.56xFOm? from Equation(6.9). A value ofve-ve=-1.2x10%° mwas

thus calculated. Considelg a heterogeneous nucleation mechanidoreign

bubbles reduced the interfacial tension, the tireg angle was set to 4§Kordylla et

al., 2009)which resulted in the practorofy =0. 058 and t he dgnterfac
=0.0007 J/rhfrom Equation(6.11)and(6.10) In the present work, the activity term

ala,(R,) in Equation(6.16)was approximated by the solution supersaturation ratio

S for the reason that the adty can be replasd by solution concentratiom
sufficient dilute solution.Other parameters used to determine the nucleation rate are
also listed in Table6.1. The predicted primary nucleation rate for different
supersaturation solutions under high apie pressure from 1 atm to 100000 atm were
calculatedusingEquation(6.8), as shown in Figuré.4. At low pressure regianfrom

ambient pressure to about 10 atm, nucleationisatet affeced by pressure change,
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because the supersaturation is stid ttominat term duringthe nucleation process
compare with the negligible pressure effect. Under pressure regionl0 to 1000
atm, both supersaturation and pressure facetermine the nucleation rate, and for
the four supersaturation solutiongivegigated in this work, increase of the local
solution pressure accelerdtéhe nucleation rate and the pressufeot on nucleation
rate appead more evident for relativg low supersaturation solution. However,
whenpressure is high enough, abd@00 atm, pressure change no longer improves
the nucleation procesSimilar calculation result has been reported by Virone et al.

that above a specific pressuree thumber of molecules in the critical nuclewkjch

can be determined by* =2B/[In S- ¢(P- P, - 1)]°, was sosmall that the nucleation

rate calculatiorthat tke pressure into account laete invalid (Kashchiev and van
Rosmalen, 1995, Virone et al., 2008 plot of the nucleation rateat collapsing
momentas a function of acoustical power is showed in Figuke The nucleation
rates under different powers aoftrasonicirradiation were found to be the same,

implying that the correspondinpllapsedpressure had been too high that vhéues

_ 16 2 3
of the term exp —Cge“) in Equation (6.8) were the same and the nucleation rate
3k, TDn7

depended on the supersaturation dependent kinetic paraAgtexithough the
nucleation rates at the collapsing moment appeared no difference, the totahidtras
induced nuclei depend on the effective shock wave volume as well as the average
nucleation rate within the action area. The following part of the results is the

estimation of the shock wave action volume and the total nuclei number calculation.
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solutions
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6.6.2 Ultrasound induced Nuclei Number Estimated from Acoustic
Parameters

The travelling distance and time scaliethe shock wave corresponding to pressure
amplitude were estimated and fitted with setonder polynomialaccording to the
previousinvestigationresults proposed ifvirone et al., 206, Pecha R and Gompf B,
2000) as shown in Figuré.6. For collapse occung at 35W output ultrasound power,
the shock waee expanded to a distance 248& m f or | 68fone framihe o f
initial pressure1.55x16 atm to the final ambient pressure 1 atm were obtained

accordingly
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Figure 6.6: (a) travelling distance from the collapse centre (b) shiaek pressure amplitude change
with distance
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As is discussed in Chapter 3, the shock wave pressure decreases with the distance

from the bubble interface and hence invokes gradients of the nucleatioffhate.

average nucleation ratd under the changed shock wave pressure amplitude was

needed to characterize the overall nucleation rate in presence of ultrasound. The
average nucleation rate is therefdetermined fronthe nucleation ratprofile over a
grange of pressure, as seerFigure6.4, andcalculatedo be 2.9%10°m>s™. Thus

the nuclei numbeN, that generated from a single cavitation bubble collapse with the
value of1.28x10° was evaluated from Equatid20 However, here is no precise
method to calculate the collapksbubble number and it depends on the ultrasound
power, frequency and reaction vessel tygetil now, only few experimental studies
have been devoted to estimate the cavitation bubble nuherbubble formation
ratebdwas set tde 1.95x13° m>s™ in the present study based on therk of Burdin

et al. whocharacterizedhe acoustic cavitation bubble cloud by using phase Doppler
technique(Tsochatzidis et al., 2001, Burdin et al., 199%he cavitation volume
Veavitation Of 7%10° m® was takenbased orthe solution wlume thus leathg to the

total cavitation bubble numbeB of 2.46x16° in a 180s insonation intervalith
ultrasonic power of 35Waccording to Equatio%.19 The total nuclei humbeN,,
induced by ultrasound in the reacteasequalto the total bubble umber multiplied

by the nuclei number for each bubble collapse, a resul.bix10® was found.
Figure 6.7 reveals theotal nuclei number calculated from acoustical parameters for
varied ultrasound powevith 180s insonation intervalSimilar calculation was taken

for different insonation interval witlconstantl5W ultrasaic irradiationpower, as

shown in Figure.8.
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Figure 6.7: The total ultrasound induced nuclei number calculated from acoustical parameters for
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As expectedthe higher ultrasound powewith faster average nucleation rate and
greater effective volumeould induce more nucle&iithin the same insonatidnterval,

as seen in Figure 6.For the high supersaturation (S=1.15), the nuclei number was
4.43x10" with 35W ultrasonic irradiation, which had been increased to 70 times as
compared with the 5.940" nuclei number with 5W ultrasonic irradiation. For the
low supersaturation (S=1.02), the nuclei number with 35W ultrasonic power had been
raisedapproximatel00 times as against the one with 5W ultrasound. The results in
Figure 6.8 indicated that the induced nuclei number increased with the extension of
insonation interval. This result corroborated séihgumenthat power ultrasound had a
promotion effect on nucleatn, which is more obvious at low supersaturations and
proportional to the ultrasonic power within the current experimental regions. Based on
the above results, it is conceivable that the reduced induction time should be result

from the increase afltrasonc power and insonation interval.

6.6.3 Ultrasound Induced Nuclei Number Calculated from Induction

Time Measurement

Experimental induction time was measured for different acoustical power and
differert insonation intervals. Figur@.9 and6.10depict themeasured induction time

for different ultrasound powsrand insonation intervalrespectively, the crystal
appeared faster when higher ultrasound power or longer insonation interval was
applied whichwas consisent with the results predicted from ultrasa@uparameters.

By drawing a line requesig a 60 min induction time, the critical conducted
ultrasound power for four supersat@dtolutiors can be found, around 17W for
S=1.15 but almost 31W for S=1.02. Likewidger an induction time of 80 mirthe

critical insoration interval for S=1.15 is 4&vhile over 188 is needed for S=1.02.
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Figure 6.10: Measuredduction time for different insonation intervals with 15W ultrasound power

From Equatior6.17, the total nuclei number in the solution can be calculated using

measured induction time and will be compared with that number obtained from
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ultrasound paramate calculation. Relative experimental conditions and calculation

parametersare listed in Table6.1 and the comparison of ultrasound parameters

calculated nuclei number and experimental nuclei number were presented in Figure

6.11 for changed ultrasound p@wconditiors. Unfortunately it seems that theuclei

number obtained from differemalculation pathsare notin accordane, the nuclei

number predictedfrom ultrasound parameters is much bigger than thiétulated

from the experimentalinduction time But they both show the same tendency that

with the increase of ultrasound power, the total nuclei number induced by ultrasonic

irradiation increased.
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The same results were obtained for different insonation intervals with constant 15W

ultrasonic irradiation, see Figure 6.12. It is worth noting that the measwtadtion

times wereexplicitly reduced when supersaturation of the solution was elevated for

both of the study sections, but the corresponding calculated nuclei numbers were

found tobe smaller for higher supersaturation with the same ultrasound power. This is

becausethe induction time measuremestror due to the detection instrument,

especially when the supersaturation was high and the growth rate was fast. It can only

be concludedfrom the results of thecalculation that the ultrasound effects are
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proportional to the cavitation issues as the higher power and longer insonation interval
reflects on larger amoust of the nuclei numberThe possible reasons thate
condudve with the unmatchednuclei numberare 1) the urbidity measurement
instrumentused in the experiments waot sensitive enough and has no response to
small crystals when they crystallize from the solutiandhence a delayed induction

time measuremeng) theinaccurateestimatedressure profileThe pressure upahe
cavitation bubble was estimated basedlm assumption that therenggligible gas

in the collapsing bubble and the pressure in the bubble at the moment of collapse is
equal to the vapour pressukowever, if the dissolved gas in the liquid does enter the
bubble, the collapsed pressure will be smaller than was predicted. Obviously, the
nucleation rate under the collapse pressure will be smaller, which results in a smaller
amount of nuclei; 3) uncein calculation was involved. The calculation in the current
study was based aime singlesymmetricalbubble collapg;g model; but the probe
system in practice is aulti-bubble systemwith symmetrical and asymmetrical
bubble collapsewhich makes bubbleollapse more complicaté and difficult to
characterize;4) the ¢ock wave may cause localized damage such as the
fragmentation ohearby bubbls, and henceimpacton the total estimated cavitation

bubble number and the effective volume of each collagsidle

6.7 Conclusion

The collapsing pressures upon the cavitation bubbles were calculated for different
applied ultrasound powers, and based on the pressure pradiéeretoped approach
consicering the local pressure changes implementedto calculae the ultrasound
induced nucleation rateduring I-glutamic acid crystallizatioprocess Experimental
induction time measurement was carried out to determine the exact number of formed
nuclei by ultrasonic irradiation. This number was then compared hgttheoretically
estimated nuclei numbdrom ultrasound apparatus parametersorder to correlate

the cavitation number and the nucleation events. The number valuestdatch

possibly due to the difficulty in accurdte describing the complicatecawvtation
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bubble system. Howeverthe obtainedresultshave provel that the nuclei number
induced by ultrasound increabeith increasing thailtrasound power and insonation
interval. In addition, the effect of ultrasound on nucleation appeared b®
proportonal to the cavitation issue. fitesentthe approach only provides a potential
evaluation method faunltrasonic nucleatiomechanisninvestigation but it is also an
important step forward in understanding of sonocrystallization. A more

comprehensive mad and further development as8ll neeckd.
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Chapter 7

Studies of Power Ultrasound Effects omnhe
Crystal Growth Kinetics of L -Glutamic Acid

Summary: Power ultrasound affected seeding gravthu d i dosm Legfutaniic
acid at high supersaturation lesahd low supersaturation legaredelivered in this
chapter. The particle size distribution under various ultrasound power influences

also provided along with the strategy of particleediistribution optimization.
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7.1 Introduction

As another stage of crystallization after the initiatleationof crystal, growth of the
particle is of importance in industrial crystallization performance. groevth rate of

the dominant face determinthge crystal habit, the particle size distribution and hence
the quality of the final pharmaceutical produdikere are different methods to obtain
the crystal growth rate, through either single crystal growth measuresiagtimage
technique or bulk sotion overall growth rate evaluation with -tine/off-line particle
sizing equipmentHowever, the particle sizing instruments available do not always
perform satisfactorily due to the high dependence of their measurement psiociple
particle shape. Althagh the effects of power ultrasound durthg nucleation process

are evident, its influence on crystal growth seems not so dramatic andstherg
limited literatureon ultrasound assistigrowth studes

Early in 1974, ultrasound had been reporteduocessfully accelerate sugar crystal
growth compared with mechanical agitatigfortnev and Martynovskaya, 1974hd
crystalgrowth rate was ultrasound intensity and frequency depe(idedras, 1967)
Ultrasound influence on crystal growth rate was also proved to be supersaturation
driving force dependent. For relatlyeslow growth rate at low supersaturation, i.e.
10° m/s, growth rate was double when ultrasound was used atideftast growth

rate of 10’ m/s at high supersaturation, ultrasound appeared to have no effect on
crystal growth rat¢Arakelyan, 1987) According to the work of Boels et #Boels et

al., 2010a) the volumetric growth rate of calcite under ultrasound irradiation was
enhanced by 46% and their later stBpels et al., 2010bpresented that the effect

of inhibitor NTMP mitigated in presence of ultrasound. The mass growth rate of
potash alum was also found be faster in comparisowith silent conditios as
ultrasound increased the rate of desupersaturatidinence the growth rat@mara

et al., 2004) However, a retardation effect, up to-B@%, was observed on calcium
carbonate growth under an ultrasonic field but the mechanisen,nature, the
morphology and the crystal size were not influenced by ultrasound applifaatas,

2001) Thereforejt can be concluded théte effects of ultrasound on crystabwth
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are very diverse and it is diffiduto analyze its impacbn growthseparately from
nucleation.

The purpose of this chapter is to investigate Itli®A crystal growth under the
irradiation of power ultrasound anelucidatethe possible growth mechiam in
presence of ultrasoun@oncerning the utiiationof the ultrasound instrumenwhich

may probably affect the ofine measurement, crystal size and size distribution in this
work is evaluated from ofline Morpholog G3. Seeding growth measurement a
different range of supersaturation is carried out for coolipgsed batch
crystallizationto avoid the nucleatiorffect. Finally, the effect of ultrasound on
particle size distribution is also presented as well as the ultrasound assistance patrticle

size control strategies.

7.2 Methodology and Instrumentation

7.2.1 Insitu Solution Concentration Measurement

Solution supersatation is the thermal dynamdriving force for crystal growth and
the ability to measure the concentration of solution durihg growth process is
fundamentaldue to its direct determination of supersaturation which is the excess of
solution concentration over corresponding solubility.

In the growth experimentssolution concentration was measured usiitgnuated
Total RefletanceFourier Transform InfraRed spectroscopy (AFRIR) based on the
principle of different arrangementof chemical protonsneutrons and electrons
havng different absorption of specific region wavelergytt light. The calibration
spectrumdata was collectefor L-glutamic acid concentration from 3 to 60g/L and
the temperature raged from 10 to 80°C. The spegtf solution during experimest
werecaptured every 30 seconds and recorded in a text file, Threngh the iFhouse
designed software and PLS modased MATLAB programs, the spectra data will
automatically process to thelstion concentration valudt is worth noting that bit

the calibratiomprafile andprogrammingwere collected and developed by former PhD

researcheiChaoyang Ma fronthe Institute of Particle Science and Engineering,
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University of LeedsIn hiswork, the transflectance NIR calibration data was obtained
using solutions and slurries of varied solution concentration, particle size, solid
concentration and temperature to predictrthétiple properties of both phase based
on the genetic algorithm and support vector machine-8¥M) approach(Ma,

2010)

7.2.2 L-Glutamic Acid Seed Tests

In order to determine the suitable ultrasound powersandceabld GA seeds, seed
tests were carried out first before growth measuremeeave® seeds (152 1 2 ¢ m
sieved size fob-form seeds and 166 5 0 £ nidrno seedspf 3gwere put intolL
prepared saturatedqueousolutionwith a concentration of 35g/&t 45°Cand treated
with ultrasoundrradiationfor 30 mins. Considering different shagpand the friability

of two LGA polymorphic crystals, 15w and 5w ultrasound powes utilised for
needlelike b-form seedtest while 25w, 15w and 5w ultrasound poweas\set for
prismatic Uform seed tess. The final size distribution was analyzed using
Morphologi G3 andcomparedwith the initial seedsin order to determine the

appuopriateirradiationpower in gowth measurement.

7.2.3 Seeded Growth at High Supersaturation Level

To evaluate the growth of LGA at high supersaturation levels (1.9>S>344),

LGA solution was prepared with 1000mL distilled water and kept at 80°2 Hours

to ensure the completassdolution of the LGA solidsThe solution was first rapidly

cooled to 40C and then slowly cooledsing a cooling rate d.5°C/minin order to

achieve the relativne high supersaturatiolevel during the growth5% mass weight
Uformseedsof 106 50 e m wer e added t at40tChestudyagheur at ed
growth. Crystals were allowed to grow for @0ins and samples were filtered every 5

mins andrinsed with methanaimmediatelyto avoid solution retention. Finally, the

paricle size distribution was measured after 12 hours drying at 60°C. Growth was
127



observed under silérconditiors and with 5W ultrasonicsonicationto investigate
whether or nor the employed ultrasonic irradiation was able to affect the growth of
LGA. In ultrasound assiet experimers, power ultrasoundvas addedat the same
time as the seeds and throughout the entire growth pé&manl.experimental runs are
carried out for kinetic parameters determination under different experimental

conditions.

7.2.4 Seede@rowth at Low Supersaturation Level

The @ame experimental procedures described above were taken for growth
investigation at lowlevels of supersaturatior(1.15<S<1.4) However, after crash
cooling, the temperature wasgsothermally maintained at 40°Cand tence the
supersaturation was getting smaller during groldBA seeds were addeohce a
temperature 0of40°C was reached, together with ultrasound irradiati¢iour
experimental runs are carried out for kinetic parameters determination under different

expeimental conditions.

7.2.5 Effect of Ultrasound on Particle Shape and Size Distribution

The particle morphology and size distribution of final produced crystals from seeded
growth experiments at different supersaturation levels in Section7.2.3 and ré.2.4 a
examined by Morphologi G3 and opticalcroscopy

In order to investigate the ultrasound effect ldBA morphologyand particle size
distribution,a working solution was prepared by addition of 45gutamic acid to 1L
distilled water and was hesat to 80°C for 2 hours forcomplete dissoltion of
chemicals. The working solution wasoledat a cooling rateof 0.5°C/min to 5°C.
Variant ultrasound power (5W, 15W and 25W) was added at diffestagies of
crystallization: 1) first stage: constant ultrasomi@adiation was initiated at the
beginning ofthe experiment and stppd after 1 mins of spontaneous nucleation,

conventional growth was allowed for 80mins 2) first+second stage: constant
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ultrasonic irradiation was applied at the beginninghafexperment andeliminated
after 15 mins of nucleation, conventional growth was allowed fom@ts Final
crystals were filteredwashed with methanand driedat 60C for 12 hoursthen
examined using Morphology 3 and microscopy to verify the ultrasound effect o
crystal shape and particle size distribution after growth.

The experimental setp consistd of a double walled glass react@propeller witha
stirring velocity of 200r.p.m., a thermometer, AFRTIR, FBRM and 20 kHz
ultrasound (Figure 7.1). React@mperature was controlled by the circulating oil and
the experiment was conducted using WIinISO software. siihation concentration
was obtained from ATHFTIR spectrumThe FBRM was used to monitor the solid

phase during crystal growth.

Figure 7.1. Experimental sep consisting of (1) 1L doublacketed reactor (2) stirrer (3) FBRM
probe (4) Lasentec FBRM generator (5) AFRIR probe (6) ATRFTIR (7) thermometer (8)
ultrasound horn (9) ultrasonic transducer
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7.3 Results andiscussion

7.3.1 L-Glutamic Acid Seeds Test

The effect of ultrasound irradiation ddform form seed is shown in Figure 7.2and

suggests thatwith ultrasound irradiation the particle size of the seedsasv

significantly reducedeven with only 5W otiltrasound Thelarge size peak at around

2 0 0 disappeared and the number fraction of srpalitticles( <1 0 € m) mar ked|
increased due to the breakage of the se€ls can also bebservedfrom the

microscopic pictures that the initial needllee seedsverefragmenéd to short plate

particles after 30mins of 5W ultrasound treatment and even smaller powder like
crystalswere found under15W ultrasoundrradiation Therefore, it is impossible to

useLGA b-form seeds for growtimvestigationbecause of thé&agility of the seeds.

In addition, the small broken fragmerdse usually associated with tisecondary

nucleation which enhances the difficulty of ultrasound afigajrowth investigation.

after 15w ultrasound irradiation
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Figure 7.2:.Effct of ul t r a-Bbonweeeds. (@) withil3W utrasaund power (b) with 5W
ultrasound power

Figure 7.3 shows how the different ultrasound psvaéiect onUform seedsat 25W,
15W and 5W respectively. Thevolutionof crystal size distributionh®ws clearly that
25W and 15W power of ultrasound can lead to breakage di-ibien seedso some
extent This is also confirmed by the microscopic imagegh@5W ultrasound, the
Uform seeds were totally mashed and no initial size crystalobasrvedafter the
irradiaion; with 15W of ultrasoundthe large amount of small fragment crystals
together with some unbrokésform seedsevealed thaa part of the initial seedsas
broken in the ultrasonic fieldf only 5W of ultrasound power was used, thaaticle
size distributionsshowed only tiny differencesn distribution peak and the number
fraction and henceproved that 5W ultrasound irradiation has no effectldBA the
Uform seeds. In contrast, prismatigform is more suitable folLGA growth in
ultrasound fieldthan the neediéke b-form. Thus, 5W of ultrasound power and
sieving si zeUfon seeddwil-oe Hithizednin the following seeding

growth measurement.
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7.3.2 LGA Seeded Growth at High Supersaturation Level

In order to avoid the ultrasowmtduced secondary nucleatidniring growth, 5% of
mass weight}-form seedswere addel to provide sufficient surface for growtfihe
Lasentec Focused Beam Reflectance Measurewasdpplied to observe the number
counts of crystalpassing through the probe window during gromtdasurement and
making sure there is growth onlyather tharthe nucleation and growibccurringin

parallel.
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Different size ranges of crystgbassing through the probe window were counted and

presented in Figure 7.Zhe unweight counts fothe size ranigg from 1 to 292 m

suddenly increasg due tothe adding of seeds to the solutidBecause the seeizes

addedweref r om 106e mwithno 15886eths growing over 29
numbercountor29 2 ~1000e m s i z e, seehepink cunves Coadrily, o u n d

the reducing number of 1~5em and 10~23e&gm s
new nucleiwere generated after seedingn other words seeds were constantly

growing and resulted imni ncr eased number of the count ¢
monitoring results were also founith other experiments which indicatédat there

was no nucleation employed through the growth measurement.
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Figure 7.5: Evolution of solution concentration during the growth for silent condition andbWitbf
ultrasound irradiation

The evolution of solution concentration of two growing systems is shoviagure
7.5. With the application of 5W ofultrasound, the concentratiamas reducedmore
rapidly then that without ultrasound. Thereforat the same ersaturation level,
power ultrasound should hagestimulative effet onthe growth rate of crystalsThe
off-line particle size distribution results withowtpplication of ultrasound are
presented in Figure 7.6. The periodic parallel translation of &Bi2sponded to the
growth of crystals and the decreasktpeak heightesulted fromeither the partial
dispersion of agglomerated seeds, or the measuring error from samplinteand
instrument. Figure 7.7 depicts the measured crystal size and the swpatiat

evolution durirg growth with 5W of ultrasounslonication
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The growth rate of the crystals is expressed by thiewimg phenomenological

formula(Mullin, 1993)
G=k,S" (7.1)

whereG is the growth rate, m/§is the relativesupersaturation of the solutidk is

the growth constant amiis the growth order.

Between two near sample tag instants, it can be assed that thequationis linear,

and crystals are growing with the same shape and identical number without nucleation.
The growthof the crystalan be calculatetom the size difference between initial
particle sizd_; and final particle sizé, afterconstant growth intervalas:

G:%:—Lz- Ll (72)
dt t

The corresponding supersaturation is evaluated from the measured value of two
measured instants:

s:¥ (7.3)

Therefore, thegrowth rate plot as a function of supersaturation ratio in silent
conditiors and in5W ultrasound field is shown in Figure 7.8. The growth rates at
supersaturation ratio range from 1.4 to 2.0 with applied 5W ultrasawe a little
superior compared witlthose in absence of ultrasoundhich conformto the
estimation of concentration evolution.

The growth constant and growth oraamn bededuced from the logarithmic curves of
G andSfrom Equation(7.1) with the slopeequalto the growth order and the intercept
equalto the logarithmic growth constant (Figure 7.9herefore,n6=0.23646 and
0.23366,k;=3.6457x10 and 3.604x10° in the absence and presence of ultrasound,
respectively. Since these values with and withgtrasound are very close to each
other, it can be concludethat ultrasound did not change the kinetics and the
mechanism of growtland ultrasound hac small elevated effect obhGA growth at

high supersaturation les|
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Figure 7.9: Kinetics of LGA seeding growth in presence of 5W ultrasound and in absence of ultrasound,
at a cooling rate of 0.5 °C/min

7.3.3 LGA Seeded Growth at Low Supersaturation Level

It was discussed previously that ultrasound effect on crystal growth is

supersaturaticdependent, experiments presented in this section were carried out
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relativdy low supersaturation regisnwheretemperaturewas kept constardnd no
cooling ratewas applied.Without application of cooling, solution supersaturation
decreasediuring the growthfrom, initially, 1.4 to about 1.15seeFigure 7.10 With

the same initial seeds, the particle size exhibitetlef gain after 2éhins of growth

where 5W ultrasound was applied. Nevertheless, the supersaturation evolution did not
show clear variation for both experimental systepwssibly because of the slow

growth rate.

150 -

1Y

>

=3
1

B insilence B insilence
o with 5W ultrasound 145+ o with 5SW ultrasound

)

=

S
1

L 1404

N
N
>

L J

-

om

. ' 1354 Y

o

>

S
1

1304 L]

mean size / nm
N
&
3
L

. 125 o
n

—

>

S
1

]
v 120 $ o

—

=

S
1

1154

—
o
>
1
om

T T T T T T T 110 T T T T T T T T T T T T T

0 10 20 30 | 50 60 0 10 20 30 €0 50 60
time / min time / min

Figure 7.10: Evolution of LGA PSD (left) and solution supersaturation (right) in absence of ultrasound
and in presence of 5W ultrasound during growth, at constant temperature 40°C

Table 7.1 lists the recorded particle size, solution concemtrand the calculated
growth rate. It can be seen that the growth rates in presence of ultrasound were
explicitly greater than that in absence of ultrasound in all the supersaturation ranges
under investigation. This result differs from the growth at lsighersaturatiotevels,

which indicated the postulate that ultrasound effect on crystal growth is
supersaturation dependenheTllogarithmic plots of the growth ratg, as a function

of supersaturatio§, arepresented in Figure 7.1Erom the slope of tiear regression

line, the apparent growth ordesithout ultrasonic irradiatiomvasfound to be4.70532

On the other hand, a decreased apparent growth order was olté@r38237 when

SW ultrasound was appliedlrhe interception resulted in thé&,= 7.10x10° and
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1.09x10? in theabsenceand presence afitrasound respectivelylt can be concluded

that the increase df; is the main reason for the improvement of growth rate in the
ultrasound field. The growth rate constant is a function of the activetiysites on

the seeds surface, the increase of growth constant ipreésenceof ultrasound
revealed that ultrasound irradiation effectively increased the growth sites on the seeds
for the incorporation of solute units. It also points to the surfaceioaamintrol both

in the absence and presence of an applied ultrasound field.

Table 7.1: Evolution of solution concentration, supersaturation, PSD and calculated growth rate in
absence and in presence of ultrasound during growth from 34g/L solution at 40°C

. Equilibrium Concentration | Supersaturation Mean size Growth rate
Time concentratio C, (g/L) S, 6 L, (x10°m) dL/dt, (m/s)
he n silet | 5wUS | silert | 5w US | silert 5w US silert 5w US

C*, (g/L)
0 24.369 33.970| 33.873| 1.394| 1.390 | 137.96 | 135.25| 1.39ES8 1.81E8

300 24.369 33.824 | 33.629 | 1.388 | 1.380 | 148.31 | 146.56 | 1.48E8 | 1.99ES8

600 24.369 33.142 | 32.898 | 1.360| 1.350 | 157.88 | 157.30 | 1.60E8 | 2.14E8

900 24.369 32.849 | 31.728 | 1.348| 1.344 | 166.67 | 167.68 | 1.73E8 | 2.50E8

1200 24.369 32.021 | 31.241 | 1.314| 1302 | 174.80| 177.40| 1.88E8 | 2.55E8

1500 24.369 31.339 | 30.802 | 1.286| 1.282 | 181.97 | 186.58 | 2.08E8 | 2.80E8

1800 24.369 30.851 | 30.364 | 1.266| 1.264 | 188.60 | 195.28 | 2.21E8 | 2.90E8

2100 24.369 30.023 | 30.071 | 1.232| 1.246 | 194.84 | 203.68 | 2.39E8 | 3.06E8

2400 24.369 29.925| 29.389 | 1.228 | 1.234 | 200.48 | 211.33 | 2.71E8 | 3.24E8

2700 24.369 29.584 | 29.145 | 1.214| 1.206 | 205.67 | 218.83 | 2.93E8 | 3.46E8

3000 24.369 29.463 | 28.268 | 1.168 | 1.196 | 210.47 | 225.25| 3.19E8 | 3.58E8

3300 24.369 28.122 | 28.268 | 1.154| 1.160 | 214.91| 231.22 | 3.45E8 | 3.77ES8

3600 24.369 27976 | 27.683 | 1.148| 1.136 | 219.08 | 236.65
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Figure 7.11: Kinetics of seeded growth LGA with 5W ultrasound and without ultrasound, at constant
temperature 40°C
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To clarfy the ultrasound effect of-form LGA growth, the growth rate versus
solution supersaturation ratio plot fboth low and high level rangein the absence
and presere of ultrasound is demonstrated in Figure 7.1Re evaluated growth

parameters from four experimental runs for varied supersaturation levels provide
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consistent results, as shown in Table 7.2, indicating the reliable experimental results.

Table 7.2 Growttkinetics parameters from four experimental runs

High S Without ultrasound With 5W ultrasound
Experimental Run kg no Ky no
Run 1 3.4711x10 0.23124 3.4753x10 0.23913
Run 2 3.6457x1¢ 0.23646 3.6040x1¢ 0.23366
Run 3 3.6025x10 0.24021 3.6146x10 0.23160
Run 4 3.5432x1¢ 0.23357 3.5913x1¢ 0.23521
Low S Without ultrasound With 5W ultrasound
Experimental Run kg no Ky n o
Run 5 8.0365x10 4.6238 1.2581x10 3.7621
Run 6 7.6131x10 4.7522 1.1893x10 3.8116
Run 7 7.1019x10 4.7053 1.0862x10 3.9237
Run 8 8.1204x10 4.5930 1.1142x10 3.8216

It can be seerxplicitly from the results that ultrasound did exhibit a positive effect
on growth. Inthe presence of ultrasound with power of 5W, tjrewth ratesvere
superiorover all the supesaturation ranges than where no ultrasound was applied.
However, the ultrasonic improvement was especially outstanding at the low
supersaturation levelwhich is in agreementwith the previoustheoretical study
(Arakelyan, 1987)Note that the higher limit of the low supersaturaiiothis workis
about 1.4and above 1.4, thetform LGA growth rates were likelo bethe same and
ultrasound contribution became restricted compared with the slguersaturation

regiors.
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Figure 7.13: Supersaturation dependence of the growth rate: curve of CG for continuous growth; curve
SG for spiral growth; curve NG for nucleatiomediated growth; curves PN and MN for polynuclear
and mononuclear growth, respectivelyagtichiev, 2000)

This result iscontrary tothe ultrasound retardation effect reported by Délzaas,

2001) who considered ultrasound influenced the dehydration and surfacsidatiffu
steps of the growth uniendhence the growth rate. However, the ultrasound effect on
the dehydration process was not observedhim experimentsin this case, the
parabolic growth rate curve reflected a nucleatiediated 2D growth mechanism
accading to the dependence of growth rate on supersaturation given by Kaschiev
(Figure 7.13), and it is more likely that seeding growttJddérm LGA experienced

the polynuclear growth rather than the mononuclear growth which also coincided with
the growthkineticresults.lt was well introduced in Chapter 2 that the growth process
comprises two steps in series: 1) the mass transfer or the diffusion of growth units
through the bulk fluid boundary layer from the supersaturated solwtiah 2) the
surface reaan process including the adsorption of the growth units on the growing
surface, the diffusion of the growth units along the surface and the incorporation of
the growth units to the growth sites. As these two steps are consecutive, the slower
step will be rate determining. Therefore, the crystgtowth can be either

diffusion-controlled or surface integratiecontrolled distinguished by the
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corresponding rate deternmigy step. In the 2-D growth mechanism, the
supersaturation is normally high and growth isfaeintegration controlled. To
explain the influence of ultrasound irradiation on growth rateptssible hypothesis
is at low supersaturatignthe application of ultrasound efficiently expedites the
surface nucleation and provides mautive growth sites for crystal growth, this had
been indicated by the calculategteater growth constant where ultrasound was
utilised. For crystal growtim highly supersaturated solution, as the supara#ibn is
high enough for seedurface nucleation and alreathe exising sufficient growth
sites, the ultrasonic reinforceé effect becomes finite comparevith that without
ultrasound. Whereas, ultrasound did not affect or change the mechanism of growth for
different supersaturation leglthis is consistent witthe observation results of their

apparent growth orders.

7.3.4 Effect of Ultrasound Irradiation on Crystal Characteristics

7.3.4.1 Crystal Morphology and Particle Size Distribution after Seeded Growth

The crystals recovered frotform LGA seeed growth at different supersaturation
levelswere examinedisingmicroscopy. The shape tfform crystas wasretainedin

their original prismatic shape after growth and had not been modified by applying 5W
of ultrasound, as seen in Figure 7.14. Figure 7.15 exenwlifie finalparticle size
distributionof crystak producedafter seedd growth with and without ultrasound. As

can beseen, the particle mean sizef grown LGA crystal with treatment of 5W
ultrao u n d ar e 2 3 6 . 6 eatmlow asopérsat@r&ién. |léveland high
supersaturation lev&l respectively which is larger than the size of those grown

wi t hout ultrasound, about 219. 1em and
enhanced by ultrasoundadiation However, thenarrowedparticle size distributions

werenot foundwhenlow powerultrasound was applied.
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7.34.2 Crystal Morphology and Particle Size Distribution in Spontaneous

Crystallization

Figure 7.16 illustrates the variation of final particle size distributiahe absencef,
andshort burstof 5W, 15W and 25W ultrasound tihte first crystallization sige It

can be clearly seen thatet mean sizef the final LGA crystalwas about 126m
without ultrasonic irradiation with the maximum crystal size overe&®@ue to the
agglomeratiorof the particles. When ultrasound was added, the final crystal sizes
were reduced, with a mean size of 4@7where 5w ultrasound was applied and only
50em where 25w ultrasound power was utilized. In the mean time, the number

fraction of large size crystals was decreased, indicating that ultrasound commendably
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prevented particles from agglomeratiddn the other hand, raisintpe ultrasour

power resulted ira narrowe size distributionthis can be ascribei the ultrasound
initialising smaller andnoreuniform nucleiat the nucleation stader crystal growth

in successionThis can also be observetrom microscopic pictures of growhGA
crystalsin Figure 7.17, more regular and even crystals were obtained with the
application of ultrasound, andcreasing the ultrasound power did not modify the
morphology of the crystals. The shape of the crystal depends on the growth rate on
each crystal surfacend the umnchanged LGAnorphologyimplied that the ultrasound
effect is kinetic rather thaaquilibrium nature whicls consistent with theltrasound
assiseéd spontaneous precipitation investigation of vatepitesentedy Dalas(Dalas,

2001)
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Figure 7.16: Comparison of LGA final PSD with ultrasonic irradiation at first stage
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(c) Growncrystals with 15w ultrasound(d) Grown crystals with 25w ultrasound
Figure 7.17: Microscopic images of grown LGA crystals with ultrasound application at first stage

The final particle size distribution of d#rent powers of ultrasound application at the
first and second stage is presented in Figure 7.18. Compared with the large particle
size and widespread size distribution of crystals produced in silent conditions, the
mean size was reduced toe®® and notably narrower particle size distribution was
detected where 5w ultrasound was applied, the amount of smaller crystalsnix 40
was increased due to the ultrasound induced secondary nucleation. At higher
ultrasound powers of 15w and 25w, the msere of LGA crystal was only 1Ce4n

and 8.4m, respectively. On top of that, themount of s mal | crystals
increased dramatically with increasing the ultrasound power and almost no large
crystab were observed. This was confirmed by photoodgcaphs of final crystals
shown in Figure 7.19. 5W ultrasound irradiation resulted in a less sharp crystal edge
and more spherical crystals in shape with hundreds of microns in size as well as some
fine particles possibly due to the abrasion of the criystaface, see Figure 7.19(a).

The large amount of small and undefined crystals produced under 15W and 25W
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ultrasound irradiation, as shown in Figure 7.17(c) and (d), suggest that higher
ultrasound power and intensity ctailitate prolific nucleation tahe solution.

Therefore, the particle sizand crystal morphologyf LGA can be potentially
improved andcontrolled through thgudicious application of precise ultrasound
power at different crystallization stages with various insonation intervals. \Whbra

burst of ultrasound to the nucleation stage, the crystallization is allowed to produce
uniform, relatively large and wedihaped crystals. With a longer time amhtinuous
bursts throughout the nucleation and growth stages, the isolated crystalvemgr

small.
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Figure 7.18: Comparison of LGA final PSD with ultrasonic irradiation at first and second stage

(a)Grown crystals without ultrasound (b) Grown crystals with 5w ultrasound
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Figure 7.19: Microscopic images of grown LGA crystals with ultrasound application at first and second
stage

7.4 Conclusion

The effect of 5W ultrasound irradiation on LGA growth was studied based on the
seeded xperiment. The results showed that the effect of ultrasoundlldBA growth

rate was supersaturatiodependent appearedexplicitly accelerated with 5w
ultrasound power at low supersaturation ratio (< 1.4 in this case study) where the
growth constant wasncreased by ultrasound and had almost no effect at high
supersaturation ratiolhe possible mechanism is given a® Aucleation growth:
ultrasound irradiation enhances the surface nucleation and provides more active
growth sites for full growth at low sepsaturation, no evident improvemamsurface
nucleation when supersaturationagequatly high. However, the observed effect of
ultrasound on}LGA cannot spread to wider ultrasound power rangesausethe
increase of ultrasound power led to the secondary nucleation and the breakage of
seeds, that is, no growtiehaviourcould be observed.

This chapter alsmvestigatedhe ability of using utasound to manipulate the particle

size and crystal morphology durirgpontaneou<rystallization. It was found that
uniform, relatively large and even crystals with narrowed particle size distribution can
be obtained by applying a short burst of ultragbtm the nucleation stage. Longer
insonationthroughout the nucleation and growth stage can result in small crystals
through prolific nucleation, and less sharp edged and more spherical crystals can be

isolated with low ultrasonic power sonication.
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Chapter 8

Population Balance Modeling and
Simulation of Alpha L-Glutamic Acid
Seeckd Growth

Summary:Population balance modelling is proposed in this chapter to simulate the
ULGA seeding growth process. The predicted concentration profiletiynate and
crystal size distribution with and without irradiation of ultrasound are compared with

the former experimental data obtained in Chapter 7.
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8.1 Introduction

The specific crystal habit and desirable particle size distribution are the chaijlengin
tasks in industrial crystallization and, in order to achieve the desirable particle size
distribution at anindustrial level, controlling supersaturation via cooling profile
determination and optimizing the operating conditions like agitation, seedohg an
acidification are theoutinecontrol variables in the crystallization process. Ultrasound

is another interesting approach to precipitation processes to control the crystal shape
and tailor the size distribution in the past few decades. No matter whité is
adopted in crystallization process conttahoratorywork is essential, but numerical
modelling development of crystallization is also very importanteféicient process
control and scalep investigation. The population balaraggroachtogeter with the
crystallization kinetics model describing the particle characterispicsvides the
potential for presenting the progress of particle density distribution

The landmark population balance concept waisal by Randolph and Larson and
appliedto the simulation of the crystallization process in X&&hdolph and Larson,
1971) Later on, differentrystallizationmodels were developed based on the formal
population balance equation. For more accurdéscription of crystal size, a
bi-dimensional population balance model was presented by Puel(Rtehletal.,
2003a, Puel et al., 20034y simulate the evolution of two characteristic size
dimensions (the length and the width) of nedille crystals while Oullion et al.
(Oullion et al., 2007b, Oullion et al., 2007 ployed the model on plali&e crystal
seeded crystallization process. A mulimensional population balae was utilized to
investigate the growth of relike I-glutamic acid crystals and potassium dihydrogen
phosphat€Ma et al., 2007)Studies looking at thedlutamic acid precipitation with

the help ofpopulationbalance modelling are numerous. Scholl et(&tholl et al.,
2007)combined population balance modelling and process analytical technologies to
identify the ULGA seeded growth mechanism. They also proposed the effect of
agglomeration on-glutamic acid seeded batch crystallization. In their population

balance model, the nucleation, growth agglomeratiorkinetics were accounted for
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particle size distributio prediction. The morphological population balance modelling
was given by Ma and Wan@/la and Wang, 2012fpr |-glutamic acid facet growth
kinetics moel identification and experimental validation.

Although comprehensive numerical simulation models have been developed for the
crystallization process, there are very few reports on ultrasound involved
crystallization system simulation and modelling dugh® complication of condition
assumption angarameteevaluation. Amount those, Kordylla et &ordylla et al.,
2009)proposed a crystallization model based on-dingensionapopulation balance
consideringa kinetic expressionfor ultrasound induced nucleation mechanism to
predict the concentration, nucleation rate and particle size distribution. They assumed
a heterogeneous nucleation mechanism together with secondary nucleation and used
physical propertiesinstead of model parameters during modelling and hence,
evaluated the optimized ultrasound application for the desired product specifications.
Yasui et al.(Yasui et al., 2011¢xtended and developed this model to nanoparticle
sonochemical synthesis of Baki@umercal simulation. Their study suggested that
aggregation only took place between primary particles and atigregatedut the
nanoparticle aggregates were disintegrated by acoustic cavitatibeoreticaimodel
correlating the nucleinumber that generat® by ultrasound and the solution
temperature and pressure was addressed by Sgdielier et al., 2010)The model
based on Hicking mechanism illustrated that the increase of supersaturation level
during crystallization resulted from thextremelyhigh pressure at the final stage of
acoustic cavitation bubbles thugh which the equilibrium freezing temperature was
increased. Recently, Ubbenja(igbbenjans et al., 2013)resented a model for the
ultrasonic wave propagation in the total growth system of melt, and simulated the
melt flow and the temperature distribution during crystallization. The study pointed
out that ultrasound irradiation effectively helped the reduction of the harmful
diffusion boundary layer.

The simulation work in this chapter focuses on the seeded growtglutmic acid
(LGA) in presence of ultrasound treatment and adimeensional populatiobalance

model is used to simulate the concentration profile and growth rate, as well as the
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crystal size distribution. The ultrasound effect is addressed in the kinetic parameter of
growthrather than the individual physiebhsedparametersn the simulabn model
according to theempirical kinetic expressionaimed at providing reliable evidential
data for Uform LGA ultrasonic assistancegrowth mechanism analysis. The

simulation was delivered by applying tbemmercialoftware package g°PROMS.

8.2 The gPROMS Process Modelling System

gPROMS is a general process modelling system package developed by Process
System Enterprises Limited. It is an equataiented modelling tool that provides a
general purpose modelling environment for process and equipment design and
developmenas well as the optimization of operating processes. The main platform of
gPROMS ighe gPROMS ModelBuilder with the fundamental entity MODEL, which
depicts the physical and chemical properties of plant; TASK, which represents the
employed control actiorgovernedelationship and operation procedures on the plant;
and PROCESS, which gamadly comprises a TASK driving a MODEL. Therefore,
gPROMS can handle a complex realistic modelling process.

Traditional simulation systems are either discrete or continuous and since gPROMS
combines discrete and continuous processes, it is particularypleufor particulate
process modelling and simulation. Other advantages of gPROMS are its capability for
steadystate and dynamic simulation, ability to apply hlgkel declarative modelling,
carrying out optimization activities, parameter estimation dath reconciliation.
Another novel feature of gPROMS is thateibablesdescription and handling of
model discontinuities of a very general nature and defines different equation forms
under different conditiongPantelides and Oh, 1996)n this case, a population
balance approach is adopted to describe the dynamic change of crystal number density
and size during the batch growth. Howeverpylation balance models normally
consist of the partiatlifferential equations (population balance equations, etc.), the

ordinary differentialequatios (mass balance equations, etc.), the integral equations
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(solid suspension calculation from particle sdistribution, etc.) and the algebraic
equations (solidiquid equilibrium, etc.) which results in the difficulty of solving such
integratpartial differential algebraic equations (IPDAEs). In gPROMS, the IPDAE
system can be reduced to ordinary differéngiad algebraic equations (DAES) by
discrdizing the distribution domain between the minimum and maximum crystal size
and a number of different methods have been performed on gPROMS MODELS for
discretization schemes and finite difference meth{dstelides and Oh, 1996, Lee et

al., 1999) Thus, population balance mathematical models can be easily solved by its
advanced solutioalgorithms the additional deils of the finite difference method to
solve population balance equation was reportedLee et al.,, 1999) Table 8.1
provides the availablenumerical model in gPROMS accompared by the
approximation order for partial derivatives aintegrals corresponding to each finite
difference method. As there is no numerical method suitable for solving all the

problems, it is important to select the correct methodefificient and accurate

solution procedure.

Table 8.1 Numerical method foratiiibuted system in gPROMS (Ltd., 2004)

Numerical method Keyword | Order(s) | Partial derivatives| Integrals
Centered finite difference method CFDM 2,4,6 YES YES
Backward finite difference method BFDM 1,2 YES YES
Forward finite difference method FFDM 1,2 YES YES

Orthogonal collocation on finite OCFEM 2,34 YES YES
elements method
Gaussian quadratures 5 YES

As a highfidelity and relatively newnathematiccommercial modellinggrogranmer,
gPROMS has been used laboratory scale batchcrystallization and continuous
crystallization processes for particle size and size distribution prediction. In the early
1990s, this general purpose software package was devéBagdn and Pantelides,

1994)andlatterly utilized in a continuous mixed suspension mixed product removal
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crystallizationunit (CMSMPR) modelling potassium sulphate cooling crystallization
procesqPantelides and Oh, 1996)he use of g°PROMS in practical industrial batch
plant operation simulation representedagpacityin process modeng, from pure
continuousto batch (Winkel et al., 1995) Asteasuain et al. resolved dynamic
simulation and the staup optimization problem based on the interface gOPT of
gPROMS simulator(Asteasuain et al., 2008nd they also presented a g°PROMS
implemented comprehensive stesdgte model for higipressure polymerization of
ethylene in a tubulareactor(Asteasuain and Brandolin, 2008p date, gPROMS has
been employed to simulate and predict the crystal size properties in different
solubility models(Widenski et al., 2010and study the parameter estimation as well
as the optimization of secondary nucleation for batch crystallization processes
(Kalbasenka et al., 2011)

In this researchwork, gPROMS was adopted for LGA seeded growth Kkinetics

simulation based on the population balance model.

8.3 The Population Balance Model of Seeded Growth

8.3.1 Population Balace Equation

The population balance approach offers the population of crystals to describe the
dynamic variations of particle size and distribution during the crystallization process.

Based on Randolph and Largsrtheory(Randolph and Larson, 1971the formal

manner of the population balance of the crystal population density distribogion

as a function of timet for a welkmixed constant volume batch crystallizer dzn

written as:
Vs pL

whereG is the crystal growth rat® is the birth function resulting from the nucleation
and breakageD is the death function corresponding to thgglomerationand
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dissoluton. It is worth noting that in the equation is the characteristic size of the
crystals. The growth in this work is assumed to be-isidependent and no nucleation
occurs which can be carefully designed and controlled during the growth experiment.
As the agglomeration and breakage are also assumed to be negligible and not taken
account of in the model, tlggowthonly population balance equation becomes:

pn(Lt), (L) _ (8.2)
Mt HL

However, in order to avoid theumerical calculation problem in gPROMS caused by
the potentially large magnitude of crystal number dens{ly), Equation (8.2) is

deduced to the logarithmic form:

pinn(L,t) G Hin n(Lt) _ 0 (8.3)
t b

8.3.2 The Mass Balance ahGrowth Rate Parameters

The total mass balance of the crystal in the solution is expressed as follows:

‘i‘j_? =3k, G n(LtL2dL (8.4)

where k, is the crystal shape factor; is the eystal density,Cis the solution

concentration. The model initial and boundary conditions are given as:

C(0) = Cita (8.5)
n(0,t) =0 (8.6)
n(L.0) = ny(L) (8.7)

with C, being the initial concentration of growth experiment solution while

ny(L)refers to the seed siaistribuion. As stated before, there is no nucleation

occurs but the growth only, the growth r&és defined by the empirical equation

G=k,S" (8.8)

156



here k,andndare the cryml growth constant and growth order, respectivedy.is
the supersaturation ratio (solutioancentratiorC/equilibriumconcentration C*). The

value of growth parameterk, andnoare estimated from the former exipeental

data in Chapter 7. The predicted results will be compared with those data obtained
from experiments for validation. The numerical method Backward Finite Difference

Method is employed for population balance equation solution in gPROMS.

8.4 Resultsand Discussion

8.4.1 Seeded Growth Simulation at High Supersaturation

The various parametersused for seeding growth simulation in the absence of
ultrasound irradiation are listed in Table 8.2. With first order backward finite
difference discretization ethod and 1200 granularities for the particle size
distribution domain, a typical gPROMS simulation output of reactor crystal density in

naturallogarithmic terms along with size and time is shown in Figure 8.1.

Table 8.2 Parameter values to describesteing growth process at high S in silent condition

Parameter Value Unit Parameter Value Unit
Cintial 0.034 kg/L Tint 40 °C
Je 1560 kg/m® I 1000 kg/m®
b 0.5 °C/min ky 0.5236 -
Ky 36457 10° - no 0.2%5 -
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reactor.logn

2.25919E0
. 2. 03326E0
1. 807T33E0

1.5514E0

1. 35548E0

1. 12955E0
| ,{9 03619E-1

6. TTB9E-1

4.51761E-1
.2. 25832E-1

=9:TE=5

Figure 8.1: Variation of crystal population density n(L) with size (L) and time (t)-§hutamic acid
seeding growth in absence of ultrasound at high supeatiaturatio

It can be observed from Figure 8.1 that the peaks of crystal density shiftethifiam

small seed size to final larger size, reflecting the growth of LGA seeds. As the process
did not experience nucleation and growth was assumed to bendegzendent, the
population density curve was kept in the same distribution shape and height. Figure
8.2 shows theomparisorof final particle size distribution of experimental data and
simulated prediction results for growth in silent conditions andWihd ultrasound

field. The measured and estimated PSD for both of the systems shows good
agreementlt is worth noting that the final PSD of LGA crystalshimade than that
grown in silent conditions which contrasted with the investigation of ultraseifiect

on final crystal size of crystallization in Chapfrwithin the narrow range of about
240~32@m for ultrasound absence and 220~885or 5W ultrasound presence. This

is becausethe simulation was only carried out for the growth prooskere the
ultrasound effect on PSD mainly acting on the nucleation step was not taken into

account. In additiondue to fact that the sampling and measuring error existed even
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for the same batch of seeds, timdtial particle size distribution for two system

experiment and simulation study were dissimilar.

3.51 o Experimental o Experimental
(a) —— Simulation 251 (b)

—— Simulation

Number fraction / %
Number fraction / %

T T T T 1
150 200 250 300 350 400

Size / nm Size / nm

Figure 8.2: Final particle size distributions experimental and simulation comparison in (a) silent
conditions (Expmean=265. 60¢m, Si mumean=265. 80¢m)

(Expmean=269. 08¢ m, Si mumean=269. 90&em) eamentahi gh supe
data; lines: simulation results

344 = Simulation without US
' o Experimental without US
AT = Simulation with 5W US
324 5 4 Experimental with 5W US

Concentration / g/L
> &
1 1

N
~
1

22

T T T T T T T T T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000
Time/s

Figure 8.3: Comparison of the measured and model predicted solution concentration from seeding

moment without ultrasound and with 5W of ultrasound at high supersaturation ratio. Symbols:
experimental data; lines: simulation results
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Figure 8.3 provides the solution concentration profile for experimental and simulation
results of ultrasound absent and present systems frobliBe\ seeding moment. As

can be seen, the solution concentration decrease with increasing time due to the
persistent growth of crystals and the deviation between the presence and absence of
ultrasound increased with increasing time because of the cordesgatightly faster
growth rate where ultrasound was applied. The comparison of experimental and
simulation results has shown satisfactory agreement for both growth condition
studies.

The experimental and simulation growth rateg§4iGA in absence and ipresence of
ultrasound field are presented in Figure 8.4. With the experimental kinetics of growth
obtained from the work in Chapter 7, the 5W ultrasound assisted growth rates over all
the supersaturation range were found to be slightly faster than dobseved in
absence of ultrasound. Considering the experimental work here involving bulk
crystallization with a large amount of crystals and thelio& particle sizing
procedures the experimental results and the simulation predictions can still be

consiered satisfactory agreement, although there was a deviation.

4.20E-008
4.15E-008 —
4.10E-008 —
4.05E-008 —
4.00E-008 i
3.95E-008 —
3.90E-008 —

3.85E-008

Growth rate G / m/s

3.80E-008 Simulation without US
O Experimental without US
Simulation with 5w US

v Experimental with 5W US

3.75E-008

3.70E-008

—
1.4 15 1.6 1.7 1.8 1.9 2.0
Supersaturation S

Figure 8.4: Comparison between t h4£GAmgafenctionod and
supersaturation at high supersaturation ratio. Symbols: expeahtkata; lines: simulation results
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8.4.2 Seeded Growth Simulation at Low Supersaturation

To allow for the validation of growth kinetics and the effect of ultrasound on growth
at a low supersaturation range, the same simulation work was implemented. The

pamameter values and process conditions adhibited in growth modelling are shown in

Table 8.3.
Table 8.3: The simulation parameters for seeded growth at low S
Value Unit Parameter Value Unit
Parameter
Cintial 0.034 kg/L Tint 40 °C
Je 1560 kg/m® Is 1000 kg/m®
b 0.5 °C/min k, 0.5236 -
kg(without US) ~ 7.10% 10° - n @vithout US) 4.7053 -
kq(with US) 1.0862 10° - n ¢with US) 3.9237 -
3.5
—=—0min
3.0 —*—5min
—4—10min
—v—15min
2.5 1 20min
—<— 25min
204 30min
= —e—35min
> —+*—40min
O 1.5 —e— 45min
g —o— 50min
1.0 4 —+—55min
| —>— 60min
0.5 -
0.0 1

50 100

150 200 250
size/ mm

300

Figure 8.5: Variation of LGA particle size distribution during thevgtoat low supersaturation
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Figure 8.5 represents the predicted LGA particle size distribution during 60mins
growth period. The growthesults in the increase of crystal size aftbr 30mins
growing time, the crystal growth rate decreased owing to dhepping of
supersaturation, in other words, the decrease of growth driving force. The comparison
of experimental and simulation of final particle size distribution for growth in silence
and in ultrasound is shown in Figure 8.6. It canobservedthat theparticle size
distribution computed results of different conditions agreesagonablevell with the
experimental results. The shifted particle size and reduced number fraction can be
attributed to the unavoidabkgglomerationor breakage of crystalsudng growth

which are not accounted for in the simulation model. When comparing the
supersaturatioalong with the growth of experimental work and simulation results, it
can be found that the experimental supersaturation curves are slightly oscillaéry (s

Figure 8.7). However, they still nicely follow the model prediction trend.
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Figure 8.6: Final particle size distributions experimental and simulation comparison in (a) silent
conditions  (Expmean=2180s m, Si mumean=222.00¢gm) and (b)

(Expmean=236.65¢m, Si mumean=232. 70¢m) Symipnls:tai ned at
experimental data; lines: simulation results
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Figure 8.7: Comparisoof supersaturation during the growth for the experimental and simulation in (a)
silent conditions and (b) ultrasound field obtained at low supersaturation ratio. Symbols: experimental
data; lines: simulation results

8.5 Conclusion

A population balance adel for ULGA seeded growth simulation is demonstrated in
this chapter. The predicted results are compared with those obtained from experiments
based on the eline process analytical technology AIRIR spectroscopy to
monitor the solution concentration and-bife particle sizing using Morphologi G3 to
measure the particle size distribution. The estimated results of the concentration
profile, final particle size distribution and growth rate for different growth conditions,
without ultrasound and with 5W ultraswa irradiation, were found teatisfactoity

agree with the experimental results. The modelling, asdaitional evidence of
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validation means, has been proved that the growth kinetithGfA obtained from

former experimental works are reliable and dependable.
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Chapter 9

Conclusions and Future Work

Summary: This chapter outlines the overview of the main conclusions drawn from the

study presented ithis thesis and suggestions for the direction of future work.
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9.1 Conclusions

Ultrasonic technology has besnccessfullyemployed and developed over the past
few decades in the chemical and pharmaceutical industries. Reliable evidence from
previous resaah work proved that power ultrasound can induce nucleation in a
controlled and reproducible waand replace seeding technology in crystallization.
Furthermore,judicious application of ultrasound can assist in the generation of
designed polymorphs and theanipulation of particle size.

However, ultrasound effects on the nucleation, growth, polymorphism and the crystal
characteristics seemingly depend on the particular material system and considerable
operating conditions. The precise crystallization kosetand mechanism for
ultrasound action on crystallization are still not fullpderstoodand remain to be
establishedThis research work not only carefully reviews thetojolate knowledge
concerning sonocrystallization, but also systematically invastglae application of
ultrasoundn |-glutamic acid crystallization, and a developed approach was utilized to
deconstruct the challenge of kinetics and mechanism study. The main conclusions of

theimportantfindings arising from this project aseimmarizd as follows:

1. To investigate the LGA nucleation kinetics in the applied ultrasound field, the
metastable zone width and timeluctiontime were examined. It wasbservedhat
the metastable zone width is narrowed and itltiction time is significantly
reduced when ultrasound is present, especially at low supersaturations. The
classicalNT v | analysis revealed that the apparent nucleation order and the
nucleation constant are both increased by ultrasonic irradiation, and hence result
in the acceleratiorof the LGA nucleation rate. The calculated results of the
interfacial tension and the critical nucleus radius suggested that ultrasound reduces
the nucleation energy barrier and makasleation occuquite readily. It was also
found thatthe ultrasound #ect on LGA nucleation is increased with increasing

ultrasonic energy input.
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2. Driven by the needor better understandingof the nucleation mechanism in
presence of ultrasound, a developed approach was formulated to correlate the
cavitation number and nlgation event. It was found that the estimated maximum
pressure upon the collapsing bubble is tié magnitude of 1D atm which
sufficiently contributes an additional driving foregceptthe supersaturation to
the crystallization system. The reconstructeacleation rate considering the
pressure factor was implemented for total ultrasound induced nuclei number
prediction. The results obtained revealed that the nuclei inducadtiagonic
irradiation increases witthe increag of the ultrasound power andsonation
interval, indicating the suggestion that the ultrasound effeatrgstallizationis
proportional to the cavitation issue. However, the prediction nuclei number did not
match the one calculated from the experiméntaheasured induction time,
passible reasons are the uncerteawvitationsystem characterization and detective
instrument limit. Although the correlation is not successful, it still provides a

potential method for sonocrystallization mechanism investigation.

3. Since the presence of dsoundirradiation usually involes the primary and
secondary nucleation, previous researsbarelystudiedthe ultrasound effect on
crystal growth itself. The investigation on LGA seeded crystal growth in a low
ultrasound field (5W) was set to attairdeep insight ito ultrasound effeston
crystal growth. Results proved that ultrasound edfext crystal growth rate are
supersaturation dependent. Ultrasound accelerates the LGA growth rate at
relatively low supersaturations, but it has no effactgoovth at high levels of
supersaturatian The calculated growth kinetics suggested that ultrasound
irradiation leads to the improvement of growth sites on the seeded crystals
becausethe ultrasound does not impact the growth rate order but insrdase
growth rate constant. Additionally, the growth mechanism in the ultrasound field
is believed to be the-R nucleationrmechanisnmand surface nuclean-controled.
Ultrasound enhancdbe crystal surface nucleation and tlgghe reason it only

promotes the cstal growth at low supersaturations.
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4. A population balance model considering the growth only wagployed to
describe the behaviour of crystal population during the growth and identify the
experimental growth measurement. The estimated concentration ,piioflesize
distribution and growth rate were found to satisfactorily agree with the
experimental results, implying the reliable and substantial growth rate

measurement in previous work.

5. The effect of operatingonditiors on LGA polymorphism behaviour wastudied.
The pure metastablgform LGA can be isolated by using fast cooling riatéow
crystallization temperature regions, @3min and under 2% in this work. Using
a slow cooling rate of 0°C/min and crystallizingn high temperature regions,
above 50C, the crystals producedere found to be putfeform. When applying a
moderate cooling rate and crystallization temperature, both of the polymorphic
forms were obtained. Interestingly, ultrasonic irradiation was foursetlexctively
favour the appearance of the stalfldorm, ewen at the low crystallization
temperature regions and widfast cooling rate where the transformation rate of
the Uform to b-form is very slow. The results proved the important link between
LGA polymorphism and ultrasound, which is the improving effgfctiltrasonic
irradiation on the polymorphic transformation rate. Furthermore, the
transformation rate was believed to be increased with the increase of ultrasound

power.

6. The extensive observation of ultrasound influence on the characterization of final
crystals was also carried out. The results demonstrated that a short burst of
ultrasound a@n early stage of nucleation resuilin more everand well-shaped
crystals. A long time application of ultrasoutisdroughout the nucleation and
growth stageson theother hand, can give much finerystals due to the prolific
nucleation induag by ultrasound. The higher the ultrasound power, the narrower
the particle size distribution and the smaller the mean size. It was observed that

ultrasound irradiation does ncitange the morphology of LGA crystal
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9.2 Suggestions of Future Work

Although some interesting armqomisingresults were found in this work, there are

more challenges that need to be addressed. The current limits needing to be overcome

and some suggestis for the direction of future work are discussed and given as

follows:

1.

In this work, the approach employed to correlate the acoustic cavitation and

nucleation event contairesseries of bubble collapse calculations whacbhbased

on the single bubble odel. However, the probe system used in this work
produces a muHlbubble system, which involves both symmetric asgmmetric
bubblecollapsesThis makegollapsng bubble more difficult to characterize and
results in some uncertain calculation paramset&éhe shock wave estimation in
this work also ignored the unavoidable lodalmageon nearby bubbles. Thus, it
is necessary to consider a maremprehensivemulti-bubble model and the
damage issue to first obtaan accurate calculation and eventuallistrate the

mechanism.

It is demonstrated in this work that ultrasound irradiation faeuthe
precipitation of the stablé-form, and the ultrasonic power alsdfecs the
polymorphic transformation rate frotdform. The powder sxay diffraction data
only is used to identify the polymorphism thie final produced LGA crystals but
overlook the transformation behaviour and fi@t. The sempuantitative

analysis of the xay diffraction allows the weight fraction identification of each

polymorphic form by comparing the integrated intensities of the diffraction peaks

from each of the known phaséhe contradictory effect of wdsound irradiation
on LGA polymorphs formation reported was that pUkrm can be produced
with sonication & high level of supersaturatigiidatakka et al., 2010}t can be
conceived that initial supersaturation playsimportant role inthe application of

ultrasound in control of LGA polymorphism and it will be of great importance to
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study this factar

In this work,the LGA growth kinetics wadetermined based on the growth from
bulk solution in a batch crystallizer which may cause problemmaifcurate
particle sizing and unexpected nucleation. To effectively identify the growth
mechanism in an uklisound field, it will be more appropriate to study the kinetics
by observing single crystal growth. It is wodttemping to design a growth cell

with sonicator where the single crystal is mounted and the growth is measured in

flowing saturated solution.

. The mpulation balance model used in this work is just an additional nefans
validation for the experimental growth kinetics determination. Therefore, the
simulation model assuesthe growth only, the growth is size independent and the
breakage and agggation can be ignored. However, these factors need to be
deliberately and carefullgonsidered in practical experiment design. In future
work, it will be necessary to add these items to the population balance model in
order to thoroughly investigate th#ext of ultrasound on crystallization and final

product particle size.

It is well known that ultrasound related variables, such as the ultrasound power,
sonication duration and the horn tip size, have significant effectthen
sonocrystallization processd crystal characteristics. In this work, a probe with
fixed tip size was used in all the experiments to examine the ultrasound effect. It
will be of interest to study the ultrasonic irradiation effect by changingiteeof

the horn.
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