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IntroductionIntroduction

Why crystallization?Why crystallization?

The constituent atoms, ions or molecules of a crystal are  
arranged in a regular infinite manner.

self-assembly
Crystals allow only similar molecular-scale growth units to 
attach themselves to the crystal lattice.

molecular recognition

Crystallization :Crystallization :
- purification technique
- separation process
- particle technology

Scale of crystals :Scale of crystals :
- nano-meter : catalyst, active metals
- submicro-meter : pigment, silver halide, pharmaceuticals
- millimeter : salt, sugar, diamond, quartz
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What do we need to know?What do we need to know?

Thermodynamics
- Phase equilibrium : solid-liquid, solid-solid, liquid

Kinetics
- Crystal nucleation
- Crystal growth
- Crystal agglomeration/breakage

Process
- Reaction
- Mass transfer
- Heat transfer
- Mixing
- Flow rate
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Framework for designing Framework for designing crystallizercrystallizer behaviorbehavior

Crystallizer
Feed Product

- Yield
- CSD
- Morphology
- Structure
- Purity

Concentration

- RTD
- Mixing
- Heat transfer
- Mass Transfer
- Temperature

- Nucleation
- Growth
- Agglomeration

Conservation Law
- Mass
- Heat
- Population
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Interaction influencing Interaction influencing crystallizercrystallizer behaviorbehavior

Growth
kinetics

Suspension
fluid mechanics

Nucleation
kinetics

Total crystal
mass

Total crystal
area

Crystal size
distribution

Supersaturation
in crystallizer

Generate
supersaturation

Feed

Product
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What are crystals and how do we recognize them.What are crystals and how do we recognize them.

Solid defined by way of constituent packingSolid defined by way of constituent packing

-- Crystalline :Crystalline : single crystal, poly-crystal
Long-range order + short-range order

- Amorphous :
Short-range order
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a

b

c

αβ
γ

Crystal system (7 systems)Crystal system (7 systems)

- Cubic   (a=b=c)  (α=β=γ=90ο)

- Hexagonal  (a=b  c) (α=β=γ=90ο)

- Tetragonal (a=b  c)  (α=β=90ο, γ=120ο)

- Rhombohedral (a=b=c)  (α=β=γ   90ο)

- Orthorhombic (a  b  c)  (α=β=γ=90ο)

- Monoclinic (a  b  c)  (α=γ=90ο  β)

- Triclinic (a  b  c)  (α=β=γ    90ο)

= 

= 

= = 

= = 

= = 

=  

=  

=  

Space group : six parameter to define Space group : six parameter to define 
three dimensional space of unit cell three dimensional space of unit cell 
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Crystal NucleationCrystal Nucleation

The process of creating a new solid phaseThe process of creating a new solid phase
from a supersaturated homogeneous mother phase.from a supersaturated homogeneous mother phase.

MoleculesMolecules EmbryosEmbryos NucleiNuclei CrystalsCrystals

ReversibleReversible IrrversibleIrrversibleReversibleReversible
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Classification of Nucleation

Primary nucleationPrimary nucleation

Secondary nucleationSecondary nucleation

HomogeneousHomogeneous

HeterogeneousHeterogeneous

ContactContact

AttritionAttrition

BreakageBreakage

ShearShear

Crystal NucleationCrystal Nucleation
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Homogeneous Nucleation

∆G = V ∆GV +  A ∆GA

∆GA = σ

∆GV = - (kT/VM) ln(a/a0) 

If embryo were spherical,

∆G = - 4/3 πr3 (kT/VM) ln(C/CS) + 4 πr2 σ
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Maximum point is

∆G* = 16 π σ3/3 ((k T/VM) ln(C/CS))2

at   rC = 2 σ/(k T/VM)ln(C/CS)
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Nucleation Rate

zzccAA AAcc

Then, equilibrium constant, Kz, is 

cz
c

z A
AK
][
][

=

Since Kz is expressed as, lnKz=-∆G*/RT , then 

[Ac] = [A]zc exp(-∆G*/RT)

If J ~ [Ac], then

J = P[Ac] = P[A]zc exp(-∆G*/RT)
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Transport Resistance to Nucleation

Without transport resistance With transport resistance

SupercoolingSupercooling [C][C]
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J = P[A]zc exp(-∆G*/RT) J = P[A]zc exp(-∆G*/RT+ ∆∆GGtrtr/RT/RT)
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Solubility of small crystalSolubility of small crystal

Interfacial tension = Pressure different exposed to molecules 
between in crystal and fluid phase.

ppbb –– ppff = 2= 2γγ/r/r

µµbb(T(T, , ppbb) =) =µµbb(T(T, p, pff) + () + (ppbb –– ppff))vvcc

At equilibrium

µµbb (T, (T, ppbb)= )= µµ00 + RT + RT lnln CCeqeq(r(r))

µµbb (T, p(T, pff)= )= µµ00 + RT + RT lnln CCeqeq((∞∞))

Then,

lnln CCeqeq(r(r)) //CCeqeq((∞∞)= 2)= 2γγ/RTr/RTr

OstwaldOstwald--FreundlichFreundlich EquationEquation
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SolidSolid--Liquid EquilibriumLiquid Equilibrium

CCss(r(r11) < C) < Css(r(r22) ) 

rr11
rr22

OstwaldOstwald Ripening !!!Ripening !!!
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SolidSolid--Liquid EquilibriumLiquid Equilibrium
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Nucleation in Nucleation in PolymorphicPolymorphic SystemSystem

Rule of Stages (Rule of Stages (OstwaldOstwald)) ::

-- A crystallizing system progresses from  A crystallizing system progresses from  

supersaturated state to equilibrium in stages, each supersaturated state to equilibrium in stages, each 

stage representing the smallest possible change in free stage representing the smallest possible change in free 

energyenergy. . 

∆∆GGII

∆∆GGIIII
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Phase IPhase I

Phase IIPhase II

TemperatureTemperature
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SupersaturationSupersaturation
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Heterogeneous NucleationHeterogeneous Nucleation

Heterogeneous surface will reduce Heterogeneous surface will reduce the interface energythe interface energy

required for producing stable solid. required for producing stable solid. 

Jhomo = P[A]zc exp(-∆G*/RT)

Jhetero = P’[A]zc’ exp(-∆G**/RT)

∆G**=φφ ∆G*,  where φφ = {(2+cosθ)(1-cosθ)2}/4

θθ
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Non-oriented adsorption

Oriented adsorption (Epitaxial Effect)

Heterogeneous surface conditionsHeterogeneous surface conditions
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Secondary NucleationSecondary Nucleation

Nucleation on crystal surface providing the best

condition for the crystal nucleation by virtue of

identical epitaxial structure.

JJsecsec = = kkbbMMTT
jjNNkk∆∆CCbb

kkbb :  Nucleation :  Nucleation coeffecientcoeffecient

MMT T :  Magma density :  Magma density 
(Solid mass per unit volume of suspension)(Solid mass per unit volume of suspension)

N :  Agitation speed [rpm]N :  Agitation speed [rpm]
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Secondary nucleationSecondary nucleation

Heterogeneous nucleationHeterogeneous nucleation

Saturated curveSaturated curve
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) UnstableUnstable

HomogeneousHomogeneous
nucleationnucleation

MetastableMetastable

Temperature  Temperature  (T)(T)
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Energy Barrier for Nucleation Energy Barrier for Nucleation 

∆∆GGsecsec
∆∆GGheterohetero

∆∆GGhomohomo
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Crystal GrowthCrystal Growth

Molecular RecognitionMolecular Recognition Self AssemblySelf Assembly

CrystalCrystal
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MultilayerMultilayer Model (Model (TempkinTempkin, 1966), 1966)

Energy change by molecular growth

FluidFluid

SolidSolid

∆∆E = 2E = 2φφssss + 2+ 2φφffff –– 44φφsfsf

φφffff = Binding energy between fluid= Binding energy between fluid--fluidfluid

φφsfsf = Binding energy between solid= Binding energy between solid--fluidfluid

φφssss = Binding energy between solid= Binding energy between solid--solidsolid
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αα = = ∆∆E/E/kTkT

Dimensionless parameter, Dimensionless parameter, αα

Low Low αα : low energy to form growth sites: low energy to form growth sites

High High αα : high energy to form growth sites: high energy to form growth sites

For vapor and melt growthFor vapor and melt growth

αα = = ξξ ∆∆H/RTH/RT

For solution growthFor solution growth

αα = = ξξ [[∆∆HHff/RT/RT--lnlnCCeqeq]]

∆∆H : Heat of fusionH : Heat of fusion
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Growth MechanismsGrowth Mechanisms

Continuous growth, Continuous growth, αα<3 <3 

σCGkv =
Surface nucleation, 3<Surface nucleation, 3<αα<5 <5 

])(
3

exp[ 26/5

kT
kv e

SN
γ

σ
πσ −=

Spiral growth, 5<Spiral growth, 5<αα

)tanh( 1
2

1

2

σ
σ

σ
σ

SGkv =

(BCF model)(BCF model)

s
eγσ ∝1wherewhere

, 

2σ∝v1σσ <<If                ; If                ; (parabolic growth rate)(parabolic growth rate)

If                ; If                ; (linear rate)(linear rate)σσ <<1 σ∝v
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SupersaturationSupersaturation [[σσ]]
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νν ]] Continuous growthContinuous growth

Spiral growthSpiral growth

Surface nucleationSurface nucleation
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BCF modelBCF model

Ledge siteLedge site
=Terrace=Terrace

Step siteStep site

Kink siteKink site

FSK vvv ≥≥
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Hillocks in growth and Pits in dissolutionHillocks in growth and Pits in dissolution
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Two Step Growth modelTwo Step Growth model

Two consecutive steps for crystal growthTwo consecutive steps for crystal growth

-- mass transfer stepmass transfer step

-- surface integration stepsurface integration step

CrystalCrystal

Bulk SolutionBulk Solution

Mass transfer layerMass transfer layer

Surface adsorptionSurface adsorption

RRGG==kkdd∆∆ (C(C∞∞ --CCii))

RRGG==kkrr∆∆(C(Cii--CCeqeq))rr
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Then,Then,

RRG G = = kkrr[(C[(C∞∞ –– CCeqeq))--RRGG/k/kdd]]rr

If r=1,If r=1,

RRG G = = kkGG(C(C∞∞ –– CCeqeq)   )   where 1/kwhere 1/kGG = 1/k= 1/kdd + 1/k+ 1/krr
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Effectiveness factorEffectiveness factor

ηηrr = = 
Growth rate at interface condition Growth rate at interface condition 

Growth rate if interface were exposed to bulk condition Growth rate if interface were exposed to bulk condition 

where,where,

DaDa = = kkrr[C[C∞∞ –– CCeqeq]]rr--11/k/kdd

Then,Then,

ηηr r = [1 = [1 –– ηηrrDa]Da]rr

If If DaDa>>1, >>1, ηηrr=0; mass transfer controlling growth =0; mass transfer controlling growth 

If If DaDa<<1, <<1, ηηrr=1; surface integration controlling growth =1; surface integration controlling growth 
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r = 2.5r = 2.5

DaDa

Variation of agitation speedVariation of agitation speed
Variation of additive concentration Variation of additive concentration 
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If If DaDa>>1, >>1, ηηrr=0; mass transfer controlling growth =0; mass transfer controlling growth 

(Journal of Crystal Growth, 235, 529(Journal of Crystal Growth, 235, 529--540 (2002))540 (2002))

If If DaDa<<1, <<1, ηηrr=1; surface integration controlling growth =1; surface integration controlling growth 
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Crystal MorphologyCrystal Morphology

Equilibrium morphologyEquilibrium morphology

Crystal shape equilibrated with surroundings to Crystal shape equilibrated with surroundings to 

minimize the surface free energy of crystalminimize the surface free energy of crystal

Growth morphologyGrowth morphology

Crystal shape developed in the course of Crystal shape developed in the course of 

crystal growthcrystal growth

Morphology = Shape = Habit = FormMorphology = Shape = Habit = Form

Atomistic lattice simulation Atomistic lattice simulation 

BravaisBravais--FriedelFriedel--DinnayDinnay--HarkerHarker

Molecular mechanics Molecular mechanics 

Attachment energyAttachment energy
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Influencing factorsInfluencing factors

SupersaturationSupersaturation

[010][010]

[001][001]

Needle shapeNeedle shape

BipyramidBipyramid
shapeshape
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Impurity & AdditivesImpurity & Additives

Molecular orientation/arrangementMolecular orientation/arrangement

Selective adsorption on crystal facesSelective adsorption on crystal faces

Different affinity to crystal facesDifferent affinity to crystal faces
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“Local binding between the carboxylate side chains and calcium ions
on the crystal surface is responsible for growth inhibition.”

“Self-replicating process of crystal growth
and electrostatic matching between the crystal and additives
can give a clue for explaining the step-specific binding.” (tailor-made additive)
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SolventSolvent

The solvent will modify The solvent will modify αα in the solution crystallization.in the solution crystallization.

αα = = ξξ [[∆∆HHff/RT/RT--lnlnCCeqeq]]

SupersaturationSupersaturation, s, s
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in waterin water

in ethanolin ethanol

in vaporin vapor
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Crystal PurityCrystal Purity

Degree of purification, Degree of purification, DDii

DDii = = 
Mass of impurity per mass of solute in crystal Mass of impurity per mass of solute in crystal 

Mass of impurity per mass of solute in solutionMass of impurity per mass of solute in solution

If If DDii>1; no purification by crystallization>1; no purification by crystallization

If If DDii<1; purification by crystallization<1; purification by crystallization

In general, purity of crystal depends onIn general, purity of crystal depends on

-- the relative sizethe relative size

-- the stereochemistrythe stereochemistry

-- fuctionalityfuctionality

of impurity when compared with crystallizing solute.of impurity when compared with crystallizing solute.

The more dissimilarThe more dissimilar component, component, the purer the crystalsthe purer the crystals

are likely to be are likely to be 
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PolymorphismPolymorphism

The higher driving forceThe higher driving force for the crystallization,for the crystallization,

the more the more polymorphicpolymorphic crystalscrystals in the product in the product 

Chemical productChemical product Number of polymorphsNumber of polymorphs ApplicationsApplications

Ammonium nitrateAmmonium nitrate 55 Explosive, fertilizerExplosive, fertilizer
AspirinAspirin 44 PharmaceuticalsPharmaceuticals

Calcium carbonateCalcium carbonate 33 Filler for plasticsFiller for plastics

Copper Copper phthalocyaninphthalocyanin 44 PigmentPigment
IndigoIndigo 22 Disperse dyeDisperse dye
Lead Lead azideazide 22 ExplosiveExplosive
Lead chromateLead chromate 22 PigmentPigment
PentaerythritolPentaerythritol tetranitratetetranitrate 22 ExplosiveExplosive
PhenobarbitonePhenobarbitone 1313 PharmaceuticalsPharmaceuticals
SorbitolSorbitol 22 SweetenerSweetener
SulphathiazoleSulphathiazole 44 PharmaceuticalsPharmaceuticals
Tetraethyl leaTetraethyl lea 66 Fuel additiveFuel additive
Titanium oxideTitanium oxide 33 PigmentPigment
Titanium Titanium trichloridetrichloride 44 CatalystCatalyst
TirglyceridesTirglycerides 44 Fats and oilsFats and oils
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Chemical potentials between two polymorphsChemical potentials between two polymorphs

If If µµsolidsolid(II(II)<)<µµsolidsolid(I(I),),

phase IIphase II is more stable than is more stable than phase Iphase I andand

CCeqeq(II(II)<)<CCeqeq(I(I).).
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Phase IIPhase II
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MonotropicMonotropic Transformation (Transformation (irreversibleirreversible))

EnantiotropicEnantiotropic Transformation (Transformation (reversiblereversible))

relative solubility of polymorphs relative solubility of polymorphs independent of temperatureindependent of temperature

relative solubility of polymorphs relative solubility of polymorphs dependent on temperaturedependent on temperature
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TemperatureTemperature TemperatureTemperature

Polymorph IPolymorph I

Polymorph IIPolymorph II
Polymorph IPolymorph I

Polymorph IIPolymorph II

TTtransitiontransition

MonotropicMonotropic EnantiotropicEnantiotropic
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Phase TransformationPhase Transformation

Reconstructive transformation Reconstructive transformation 

(= (= SolventSolvent--mediated transformationmediated transformation))

recrystallizationrecrystallization in solutionin solution

DisplaciveDisplacive transformation transformation 

(= (= SolidSolid--state transformationstate transformation))

transformation solid statetransformation solid state

OrderOrder--disorder transformation disorder transformation 

∆∆G = G = ∆∆H H –– TT∆∆SS

If endothermic (If endothermic (∆∆H<0), H<0), ∆∆S>0 (disordered) S>0 (disordered) 
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Reconstructive transformation Reconstructive transformation 

Phase IPhase I

Phase IIPhase II

TemperatureTemperature
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i : initial statei : initial state

f : final statef : final state

rrII : crystal size of phase: crystal size of phase--ii

rrIIII : crystal size of phase: crystal size of phase--IIII
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timetime

σσ

Dissolution rate of form I
= Growth rate of form II

timetime

Growth of phase II controlling
(kD/kG=10)

Dissolution of phase I controlling
(kD/kG=0.1)

σσΙ,ΙΙΙ,ΙΙ

11

σσ

σσΙ,ΙΙΙ,ΙΙ

11
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DisplaciveDisplacive transformation transformation 
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Crystal sizingCrystal sizing

Crystal size definitionCrystal size definition

Statistical size (      )Statistical size (      )Rd

Gravity center

θ
r

dR

∫=
π

θ
π

2

0

1 rddR
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Mean crystal sizeMean crystal size

NumberNumber--length mean diameterlength mean diameter

∑
∑=

i

ii
NL N

dN
d

Geometrical mean diameter by numberGeometrical mean diameter by number

NumberNumber--surface mean diametersurface mean diameter

∑
∑=

i

ii
GN N

dN
d 10

10

log
log

2/1
2

)(
∑

∑=
i

ii
NS N

dN
d

NumberNumber--volume mean diametervolume mean diameter

3/1
3

)(
∑

∑=
i

ii
NV N

dN
d
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LengthLength--surface mean diametersurface mean diameter

∑
∑=

ii

ii
SL dN

dN
d

2

LengthLength--volume mean diametervolume mean diameter

2/1
3

)(
∑
∑=

ii

ii
VL dN

dN
d

SurfaceSurface--volume mean diametervolume mean diameter

∑
∑= 2

3

ii

ii
VS dN

dN
d

∑
∑= 3

4

ii

ii
VM dN

dN
d

VolumeVolume--moment mean diametermoment mean diameter
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Thanks  you !!!Thanks  you !!!


	결정화기술 연구회

