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ANALYSIS OF AGGLOMERATIVE CRYSTALLIZATION STRENG TH : A 
MICROSCOPIC STUDY FOR POTASH ALUM CRYSTALS

F. Pratola, S.J.R . Sim ons, A. G. Jones

Department o f  Chemical Engineering, University College London, Torrington Place London WCIE 7JE

Background
Agglomcraticxi (xxu rs during crystallization, and m odifies  

the particle characteristics, such as size and shape and the 

properties o f  precipitates and their suspensions, such as

the sedim entation charactimstics.

Objectives
'D ie present project aims to  m ake a fundam ental 

characterisation o f  bon d  form ation in agglom erative 

processes by direct measurem ent o f  the force o f  attachm e it  

o f  crystals within agglom erates in a supersaturated so lution  .

Project Overview " v /  Micro Force Balance (MFB)
A novel experim ental apparatus has been developed w hich enables the estim ation o f  agglom eration  

forces betw een tw o crystals. 'Ibe set up , schematically represented in figure, consists o f  an inverted

T h e stage, in figure, is specifically designed  

for the m easurem ent o f  the tci -: t

crvstiil " i d o n i - r.iii :v, -i.i. ,1 ' tl; f.

: . J e d  to  di.sn ip t iIk , by using a

prtscalibrated flexible blade (P rato laet al, 

2002)

optical m icroscope, fitted w ith an adapted stage

*■ XS'

► Image analyser

Experimental procedure
Three sets o f  experim ents were perform ed to  investigi te 

the e ffect o f  different parameters on  ag^om eration  

strength using a solution o f  potash  alum saturated at 

25“C

Reliability o f  experim ental re su lts  

2. In flu e n c e  o f  su p ersaturation  

3 In flu e n c e  o f  d if fe r e n t  fa c e s

rac —». y  a> y e . ,  a  ysw aa. s j—t» a»»«aa c

D uring the experim ents sctjuences o f  

ag^om eration  and rupture were captured  

order to  fo llow  the evolu tion  o f  the 

agglom erates growth and the follow ing  

rupture

A^km rstt't nabdoM (a) m n  jfurpouh^ é t  stlnaon (h) 
1 ^ 4 5  mmtau (c) nftùm staiitm»

Results and discussion

T he dependence o f  agglom ératifm force 

on  contact area wag meagured. I h e  

continuous line represents the best linear 

fit o f  experim ental data (dots).

T h e  agglom erate strength O a  can be  

related to  the size o f  fragm ents w hich can  

b e  broken away from  the parent crystals 

in an agitated suspension.

PifmJma i f  tm m

2. Effect of supersaturation

T h e agglom eration firrce per unit o f  

con tact area (Da increases with  

increasing supersaturation le v e l

I

3. Effect o f different faces in contact

T he agglom erate strength (Da is 

higher f ix  (aster grow ing faces than 

for slow er grow ing faces.

I
A

Th« resu lts  is o validotion of th e  evidence shown by 
d if fe re n to u th o rs (  W ojcikand Jones. 1997; Mortel 

e t  al. 1 986) th a t  c rystal agglom erates ore n w e  
difficu lt to  d isrup t o t  high s i^erso turo tion .

*1,*  «  >*ih, ^

The resu l ts  is in line w ith th e  findings shown by 
Addm-Mensah and P restige  (1999) th a t  a 

g re a te r  tendency f o r  agglomeration is shown 
fo r f o s tw  growing faces than fo r slower 

growing faces

FmgweW tif  «  sfmeim ̂ parmi ayttaLfir t^itml afgkmnaim Jnm

Applications
T h e outcom e o f  this project will facilitate p r o d u c t  q u a lity  e n h a n c e m e n t , a h etn a riv e  e q u ip m e n t  d e s ig n  o f  agglomerative crystallization pttxtesscs. W e aim to  provide  

a fundamental understanding o f  these generic industrial problem s and to  validate it through extensive experim ental observations, m odelling and m easurem ents. D ynam ic  

force m easurem ents will render these observations m ore relevant to  actual process cond itions.
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Abstract

Ab st r a c t

The broad aim of this dissertation is to give a fundamental contribution towards the 

understanding of the agglomeration mechanisms in crystallization processes. This is achieved 

through direct measurement of agglomerative forces in crystal agglomerates.

A novel device, consisting of a micîro-force balance and a crystal growth cell mounted 

on a specifically designed miciosœpe stage, was developed for the procurement of 

agglomerative forœ data under varying conditions of agglomeration (in particular 

supersaturation level, contac:t time and type of faces in contact), and using different types of 

crystals.

The miciomechanics of organic and inorganic crystal agglomerates was investigated 

using succinic acid and potash alum. Agglomerative strengths in the range of 1-940'* and 0.7- 

3.510'* N per m  ̂ of contaci area were measured for potash alum and succinic acid 

respectively.

Agglomerative strength was found to depend on the type of crystal faces in contact 

during agglomeration, and to increase at higher supersaturation. This evidence supports 

experimental literature data obtained in continuous caystallizers, which show that crystal 

agglomerates are more difficult to disrupt at high supersaturation.

Measured agglomerate adhesion forces were related to the mechanical stresses acting 

on suspended particles in a crystallizer to calculate the size of fragments obtained from 

parental crystals of different sizes. These estimates were in close agreement with literature 

data from laboratory scale crystallizers.

On the basis of morphological observations on contac:t surfaces in crystal agglomerates 

and evidence collected on the micro-mechanics of crystal agglomerates, the effect of 

supersaturation on agglomerative strength (i.e. agglomerative strength increases with 

increasing supersaturation) is attributed to higher crystal growth rate, rather than to changes in 

the nature of bonds between agglomerating crystals. This hypothesis on agglomeration 

mechanism is consistent with all experimental results on agglomerative strength obtained 

using different crystals, conditions of agglomeration, and faces in contact.
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Part A -  Introduction 1. Background, objectives and overview

Chapter 1

Bac k g r o u n d , O bjec tiv es  a n d  O v e r v ie w

1.1. Background

1.1.1. Agglomeration in crystallization processes

Particulate crystals are widespread throughout the chemical and allied industries 

whether as final products or intermediates during processing. Crystallization is widely used in 

the chemical industry for purification, separation, and production operations, yielding good 

quality of crystals. It is a practical method to obtain a concentrated chemical substance in a 

form pure and convenient to handle. Examples are fine chemicals and catalysts, agrochemical 

and pharmaceuticals that often comprise substantial low tonnage, high added value, 

precipitates in crystalline form (Jones, 1993).

Crystal size, shape, purity, structure, strength and resistance to abrasion are some of the 

parameters that frequently determine the suitability of particular crystals for specific 

applications. In addition to chemical composition of a crystalline product, its properties such 

as physical form, shape and size are important for their effect on both product quality and 

downstream processing interactions (Jones, 1993). Precipitates are often required to be in the 

form of fine powders, while in other applications larger forms are desired.

The prediction and control of crystal size distribution in terms of crystal growth and 

nucléation kinetics and flow regimes has occupied many researchers in the field of industrial 

crystallization for several decades (Garside et al 1979; Beckman and Farmer. 1978, Sohnel 

and Mulhn. 1992; Wojdk and Jones, 1998).

In conventional kinetic models, nucléation and growth are the essential terms 

describing the crystaUization process. Secondary processes of crystal agglomeration and 

breakage can have a dominant effect on the product particle size distribution in predpitation 

processes. Crystals are subject to breakage due to attrition, impact and turbulent flow, creating

15



Part A  -  Introduction 1. Background, objectives and overview

fines and secondary nuclei. Crystals are also prone to abnormal growth and aggregation 

leading to the formation of a wide variety of morphologies with properties which may be an 

advantage or a disadvantage depending on the circumstances. For example, agglomerates may 

deform, be porous and retain liquor giving rise to purity problems, or simply be unacceptable 

in appearance. On the other hand, the formation of agglomerates can enhance the solid-liquid 

separation characteristics of fine precipitates and decrease the packing density of the product.

The population balance provides the mathematical fi*amework incorporating kinetic 

expressions for analys ing the various crystal formation, aggregation and disruption 

mechanisms (Randolph and Larson, 1988; Jones et a l, 1996). The processes of crystal 

agglomeration and agglomerate disruption give rise to substantial complications in the 

description of crystallization kinetics, and they have become a topic of increasing interest in 

the past decade. For example, bimodality has been observed in the particle size distribution 

fi’om both batch (Sohnel et al, 1988; Wachi and Jones, 1992; Sohnel and Mulhn, 1992) and 

continuous mixedrsuspension, mixed-product-removal crystallizers (Beckam and Farmer, 

1978; Hostomsky and Jones, 1991; Tai and Chen, 1995), which is attributed either to size- 

dependent or dispersed aggregation, or attrition, or a combination of the two.

To include the kinetics of agglomeration and disruption into population balances, their 

mechanisms have to be elucidated by fundamental investigations aimed at developing 

mechanistic models of agglomerate bond formation and disruption in relation to the 

conditions of growth, in particular supersaturation level and agitation energy.

Experimental evidence proves that agglomeration is dependent on supersaturation, the 

essential driving force for crystallization, and can be enhanced by agitation, thereby providhg 

a way by which mixing conditions are important in precipitation. At high agitation levels, 

however, disruption of large particles can also occur, tending to disperse the particles and 

limit the maximum attainable particle size. The bond strength of the aggregates is therefore of 

key importance both during aggregate formation and subsequently in comparison to the 

imposed forces due to turbulent motion.

Aggregation and disruption depend on supersaturation to reverse extents, i.e. crystal 

agglomerates appear to both aggregate at a faster rate at high supersaturation and become 

more difficult to disrupt (Hartel et aL, 1986; Wojdk and Jones, 1997). As the breakage 

process is determined by two opposing factors, namely the mechanical strength of the crystals 

and the applied breaking forces, the inference is that the strength of the crystal agglomerates 

appears to be a function of supersaturation.
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Part A  -  Introduction 1. Background, objectives and overview

This project aims at making a fundamental validation of this suggestion by direct 

measurement of the force of attachment of crystals within agglomerates in a supersaturated 

solution using a micro-force balance, and at comparing the results with data from continuous 

mixed-suspension, mixedrproduct-removal crystallizers at various power inputs.

1.1,2. Agglomerative forces

In spite of much evidence and concern regarding agglomeration and disruption 

processes during crystallization, there is as yet no general agreement as to their mechanisms. 

Aggregation is generally modelled as a sequence of three steps:

Ljl collision of two or more particles;

ud adhesion of the colliding particles to resist rebound and coUisional and turbulent 

fluid mechanical break up;

formation of a larger particle.

Two particles will agglomerate when, upon collision, the adhesive forces between them 

are large enough to resist the applied tensile forces. Depending on the process conditions, 

stronger bonds may then develop during the formation of the agglomerate. In some cases it 

wül be difficult to discrirninate between the adhesion stage and the agglomerate formation 

stage, for example in coagulation and flocculation processes. In other cases, the two stages are 

sequential, for example in agglomeration during crystallization and precipitation processes, 

where the initial adhesion of agglomerating particles due to formation of liquid bridges may 

be followed by solidification of the bridges (Simons, 1996). In the case of precipitation from 

solution the further process of crystal intergrowth may occur contributing to the formation of 

strong agglomerates (Jones, 1993).

The investigation performed in this study wül focus on the final stage of 

agglomeration, the formation of an agglomerate. The agglomeration force is dependent on the 

nature of the bond between colliding and adhering particles, which may change with time, 

being different during adhesion of colliding particles and during formation of an agglomerate. 

Two main mechanisms of bond formation between crystals can be figured out:

W The crystals bond via a liquid bridge of the supersaturated solution providing the 

necessary adhesion force for the crystals to remain in contact with one another for 

the time necessary to the formation of a new larger particle (lian et aL, 1993; 

Mason and Clark, 1965). This bridge then solidifies, and any subsequent
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breakage will then be by attrition and will be dependent on the agitation energy of 

the process (Simons, 1996).

W Straightforward growth of both crystals towards each other causing them to fuse 

together. To account for this behavioiu’ an extension to the classical 

Smoluchowski’s theory of aggregation of non-interacting particles has been 

proposed with predictions consistent with size-dependent aggregation of caldum- 

oxalate crystals (Mumtaz et aL, 1997).

The nature of the bond wiU therefore change with time as long as the crystals do not separate 

beyond a certain critical (rupture) distance (Simons, 1996). Which of the two mechanisms is 

observed wiU depend very strongly on the nature and relationship between the atomic 

structure on the crystal faces involved. When in contact, compatible crystal faces are more 

likely than incompatible face to grow and fuse together, leading to strong bonds with atomic 

arrangements similar to the crystal structure. The adhesion force in the case of incompatible 

face could be provided by the stick liquid bridge between them. As this bridge changes phase 

from liquid to solid (i.e. as it sohdifies into an amorphous/polycrystaUine form) the bond 

strength will obviously increase.

Whether or not the crystals stay together long enough for either a bridge between them to 

sohdify or for the surfaces in contact to grow together will depend on their kinetic energies, 

which in turn wiU be a function of the agitation energy of the system. If the magnitude of the 

crystal kinetic energy is greater than the energy required to rupture the bond between the 

crystals, then the crystals wül separate. If not, they wUl remain together to form an 

agglomerate. A model to predict the rupture energy of pendular liquid bridges based on the 

surface tension effect was developed by Simons et a l (1994). Whilst this model may not hold 

for the type of systems studied in this project (i.e. solid bridges), the usefulness of the 

approach hes in the ability to relate the microscopic effects of bond formation and subsequent 

agglomeration to the macroscopic properties of industrial processes. Through this approach, 

the energy required to disrupt an agglomerate can be related to the agitation energy imparted 

to the system.

According to the description of the agglomeration mechanism presented in this section, the 

force of adhesion in an aggregate wül be dependent on the nature of the bond, the length of 

time the crystals have been in contact, the nature and the relationship between the atomic 

structure of the two crystal faces involved (i.e. the state of bond between them), and the
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agitation energy. The experimental study performed in this project aims at investigating the 

effects of these variables on the micro-mechanics of crystal agglomeration.

1.1.3. Micro-mechanics o f particles agglomeration

In previous works performed at the Department of Chentical Engineering at the University 

College London (UCL), an apparatus was developed capable of measuring the forces between 

microscopic particles attached via pendular liquid bridges (Fairbrother and Simons, 1998; 

Simons and Fairbrother, 2000). The experimental equipment consists of an optical 

microscope fitted with an adapted stage. Two micro-manipulators mounted on the stage are 

employed to hold two micro-pipettes, to the tips of which particles are attached. A third 

micro-pipette is used to add a measured amount of bridging liquid between the particles. The 

force of adhesion between the particles is calculated by measuring how much a pre-calibrated 

pipette bends as the particles are separated under piezo electric control, allowing forces down 

to 10"’ N to be resolved.

This equipment enables the liquid bridge forces between particles to be measured with both 

gas and hquid as the surrounding bulk medium. For the application investigated in this 

project, in addition to the comparatively weak surface forces, the ‘stickiness’ of the 

supersaturated solutions (creating a cement-like bond bewteen the crystals) has to be 

considered as a primary cause of crystal-crystal adhesion in supersaturated solutions.

In the present project, the apparatus developed at UCL for measuring the strength of liquid 

bridges between adhering particles is integrated and adapted to study the effect of varying 

operating conditions (e.g. contact time, supersaturation) on the strength of bonds between 

specific faces in different types of crystal agglomerates (e.g. organic and inorganic crystals).

1.2. Project objectives

The present project aims at making a fundamental characterisation of bond formation in 

agglomerative processes by direct measurement of the force of attachment of crystals within 

agglomerates in a supersaturated solution.

The project has three main objectives:

Objective I
In order to provide the insight of the mechanism of bond formation between the 

crystals it is necessary to develop a crystal cell growth to be mounted on a microscope stage 

equipped with specifically designed manipulators for crystal handling and a micro
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dynamometer for force measurements. The development of such a novel device, a micro force 

balance device with integrated crystal growth cell, represents the first objective of this project.

Objective n
The second objective of the project is related to the procurement of micro-scale force 

data to investigate the effects of varying conditions on bond strength in crystal agglomerates 

with particular concern to the influence of:

• Solution supersaturation

• Contact time

• Crystal type

• Crystal orientation (i.e. type of faces in contact)

The procurement of data consists of measurements of crystal adhesion forces and 

contact geometries for organic and inorganic crystal systems under a range of crystal 

orientations, contact area sizes, solution supersaturations and contact times. To this end the 

micro force balance developed in the first part of the project is used to measure adhesion 

forces under dynamic separation, with the entire sequence to rupture monitored under a 

microscope and captured by a camera for analysis of bond formation and contact geometry.

Objective III

The experimental results are expected to provide a fundamental insight into the micro- 

mechanics of crystal agglomeration, underpinning future kinetic modelling of crystal 

agglomeration and disruption in crystallizers. To this end, evidence collected during the 

project wUl be used to formulate and test an hypothesis on the agglomeration mechanism, 

which constitutes the third objective of the project.

In addition, as part of a broader collaborative research project bringing together novel 

experimental and theoretical methods for investigations on crystal agglomeration, this thesis 

aims at informing molecular modelling studies in the Department of Chemistry at UCL with 

data on agglomerative forces.

1 3 , Research strategy

To achieve the goals listed in the previous section, the following research strategy has been 

adopted.

-  The first task was to design and develop an experimental set-up capable of measuring 

the strength of solid bridge bonds between particles in crystal agglomerates. This part
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of the project started with preliminary experiments on the apparatus available at UCL 

for the characterisation of liquid bridges between adhering particles. These 

experiments proved the feasibility of measming agglomerative strength and suggested 

innovations and modifications necessary to overcome the limitations of the existing 

apparatus for the application studied in this project. Particular care was dedicated to 

the design of the manipulators to be used for crystal handling, and the microscope 

stage where the manipulators and the crystal growth cell were integrated.

-  Once developed, the experimental set-up was characterised to enable control of 

experimental conditions (e.g. temperature, solution supersaturation, metastable zone 

width), and reliability of measurements (with particular concern to the calibration of 

the micro force balance for the determination of agglomerative forces). This phase 

included the definition of the crystal-solvent systems to be studied.

-  The development and characterisation of the experimental set-up was followed by the 

definition of a protocol for the experimental runs. This was based on the suggestions 

provided by the preliminary experiments on the existing apparatus and the 

requirements for the procurement of reliable data. In this phase of the project, 

suitable and reproducible techniques and methods were developed and set-up for 

routine operations such as crystal preparation, selection and orientation, crystal 

surface and contact area characterisation, crystal agglomeration and agglomerate 

rupture through dynamic separation.

-  The next jhase was focused on the procurement of micro-force experimental data. 

Different sets of experiments were performed at varying operating conditions, with 

specific crystal faces and using different crystal-solvent systems to assess the 

reliability and reproducibility of measurements and the effect on agglomerative 

strength of supersaturation, contact time, type of crystals and crystal orientation.

-  The results obtained at the microscopic scale of the experimental set-up were 

employed to interpret existing data available at the macroscopic scale of laboratory 

crystallizers on the effect of miring and supersaturation on agglomeration during 

crystallization processes. In this phase the energy required to disrupt an agglomerate, 

derived from the empirical estimation of the agglomerative forces, was related to the 

agitation energy in a crystallizer.
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-  The research work was concluded by elaborating the experimental results to 

formulate and test a hypothesis on the mechanisms of agglomeration during 

crystallization,

1.4. Thesis structure

This thesis is divided into three parts.

Part A gives a general introduction to the scope and background of the project (as seen in this 

chapter), and to the state-of-the-art information on agglomeration phenomena in 

crystallization processes (Chapter!).

Part B describes the experimental set up and the experimental techniques developed during 

the first phase of the project to measure agglomerative forces.

Chapter 3 illustrates the rationale behind the development of the set-up and gives 

details of the design of the microscope stage, the manipulators and their electronic 

controls.

The techniques and methods used to characterise crystal surfaces are detailed in 

Chapter 4.

The techniques and methods set to control experimental conditions and measurement 

rehabihty are described in Chapters.

Chapter 6 includes the definition of the organic and inorganic crystal -  solvent 

systems used in the experiments.

Chapter 7 is dedicated to the definition of the experimental protocol adopted during 

the experimental campaign.

Part C is concerned with the presentation and discussion of the experimental results.

Chapter 8 reports all data on agglomerative strength obtained in sets of experiments 

performed using potash alum crystals, under varying operating conditions (e,g, 

contact time, supersaturation), and with different crystal orientations (i,e, different 

pairs of crystal faces in contact).

Chapter 9 reports all data on agglomerative strength obtained in sets of experiments 

performed using succinic add crystals, under varying supersaturation levels.
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The results obtained with varying degrees of supersaturation are used in Chapter 10 

to make a fimdamental validation of the hypothesis that crystal agglomerates grow 

stronger at higher supersaturation levels. The leliability of these results is evaluated 

by comparison to data on crystal breakage collected in laboratory scale continuous 

mixed-suspension, mixed-product-removal crystallizers.

The experimental results are then used in Chapter 11 to formulate a hypothesis on the 

mechanism of crystal agglomeration.

Chapter 12 provides an appraisal of the results obtained during the project, in 

particular in relation to the objectives set in this chapter. The dissertation is concluded 

by discussing scientific areas where significant contributions are made, and by 

outlining options for future work.
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Chapter 2

A g g lo m er a tio n  in  C r y st a l l iz a t io n  P ro c esses: A
L iter a tu r e  R e v ie w

The purpose of this chapter is to review the main topics of the scientific background 

relevant to the project. General aspects related to the principles of agglomeration in 

crystallization processes, and basics of crystallography are dealt with in this chapter. More 

specific issues are introduced in the chapters to which they are most relevant (e.g. methods for 

measuring micro-forces in particle agglomerates in Chapter 3; chemical, physical and 

morphological properties of organic and inorganic crystals used in the project in Chapter 5; 

mechanics of crystal agglomeration and agglomerate breakage in Chapter 10 and Chapter 11).

2.1. Essentials of crystallography

2.1.1, The crystalline state

Solids may be crystalline or amorphous and the crystalline state differs from the 

amorphous state in the regular arrangement of the constituent molecules, atoms or ions into 

some fixed and rigid pattern known as lattice (Bunn, 1961). A space lattice is a regular ion, 

atom or molecule (Flint, 1966). The whole structure is homogeneous, i.e. every point in the 

lattice has an environment identical with every other points. This homogeneity can be 

visualized imaging an observer located within the structure, who would get the same view of 

his surroundings from any of the points in the lattice. Actually many substances that were 

once considered to be amorphous have been shown to exhibit some degree of regular 

molecular arrangement, but the term ‘crystalline’ is most frequently used to indicate a high 

degree of internal regularity.

True crystalline solids, because of the regular arrangement of their constituent 

molecules, have different physical properties of these fluids whatever direction they are
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measured and so they are anisotropic', their mechanical, electrical, magnetic and optical 

properties can vary according to the direction in which they are measured.

The regularity of the internal structure of the soHd body results in the crystal having a

characteristic shape. Very larely, however, do any two crystals of a given substance look

identical; in fact any two given crystals often look quite different iu both size and external 

shape. The crystals may vary in size and the development of the various faces (the crystal 

habit) may differ considerably, but the interfacial angles (angle between any two given faces 

on a crystal) do not vary; they are characteristic of the substance (Muhin, 1997).

2.1.2. Crystal symmetry

Many of the geometrical shapes that appear in the crystalline state are readily 

recognized as being to some degree symmetrical. The three elements of symmetry which can 

be considered are:

• Symmetry about a point

• Symmetry about a hue

• Symmetry about a plane

A crystal passes a centre symmetry when every point of the surface of the crystal has 

an identical point on the opposite side of the centre, equidistant from it.

If a crystal is rotated through 360° about a given axis, if the crystal appears to have

reached its original position more than once during its complete rotation, the chosen axis is an 

axis of symmetry.

A plane of symmetry bisects a sohd object in such a manner that one half becomes the 

mirror of the other half in the given plane.

2.1.3. Crystal system

Almost any crystal systems can be described with reference to three axes x, y  and z. 

The z  axis is vertical and the x  axis is directed from front to the back and the y  axis from right 

to left as shown in Figure 2.1 (a). The angle between the axes y and z is denoted by a  , that 

between x and z by p and that between x and y by y*

Four axes are required to describe the hexagonal system: the z  axis is vertical and 

perpendicular to the other tree axes (c, y and u) which are complanar and inclined at 60° 

(120°) to another as shown in Figure 2.1 (b).
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(a) (b)

Figure 2.1. Crystallography axes: (a) three axes yz = a; xz = P; xy ^  y; (b) four 
axesxy =yu = ux = 60° (120°).

The seven crystal systems are described in Table 2,1 (MuUin, 1997),

Table 2.1, Description of crystaUographic systems (adapted from MuUin, 1997),

System Other names Angles Length of
between axes axes

Regular

Tetragonal

Orthorhombic

Monoclinic

Triclinic

Trigonal

Cubic
Octahedral
Isom etric
Tesseral

Pyramidal
Quadratic

Rhombic
Prismatic
Isoclinic
Trimetric

a = p  = Y = 90® X =  y  =  z

a=p = Y = 90° X = yx z

a = p  = Y = 90° X *  y #  z

Monosymmetric 
Clinorhombic a=p=90°=Y
Oblique

Anothic p * Y *
Asymmetric 90°

Rhombohedral a  =p = y 90°

Hexagonal None
z l  X, y ,  u  

which are 
inclined 60°

x»«  y ; ^  z

X =  y  =  z

X = y  =  z * u

Examples

Sodium chloride
Potassium chloride
Alums
Diamonds
Rutile
Zircon
Nickel sulphate
Potassium
permanganate
Silver nitrate
Iodine
a-Sulphure
Potassium chlorate
Sucrose
Oxalic acid
p-Sulphure
Potassium
dichromate
Copper sulphate
Sodium nitrate
Ruby
Sapphire
Silver iodide
Graphite
W ater (ice)
Potassium nitrate
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2.1.4. Lattices

Some crystal properties of interest and importance are dependent only on the shape of 

the unit cell. It is consequently useful to have a simple way of describing the periodicity of a 

crystal structure and for this purpose the concept of lattice is introduced. The way in which 

the crystal structure is built up by repetition of the repeat unit can be completely and very 

simply described by replacing each repeat unit by a lattice point placed at an exact equivalent 

point in each and every repeated unit. Such lattice points have the same environment in the 

same orientation and are indistinguishable from one to another (McKie and McKie, 1986).

— <

X

Y

Y

(b)(a)
Figure 2.2. The structure of graphite.

A  perspective representing the atomic graphite structure in Figure 2.2 (a) outlines the 

Cô rings and the three dimensional unit-cell and shows lattice points as large solid circles. The 

Figure 2.2 (b) shows the projections down the 2-axis on to the xy plane. The Ce rings of the z 

= 0 and 2 = Vi layers are similarly represented and the lattice points are shown as large solid 

circles and in the right-hand corner of the unit-ceU is shown in projection.

Having exemplified a crystal lattice we are now ready to make a formal definition of a 

lattice can be made as an array of points in space such that each lattice point has exactly the 

same orientation. It follows immediately that any lattice point is related to any other by simple 

lattice translation.

A plane passing through three non-collinear lattice points is known as a lattice plane. 

Since all lattice points are equivalent there will be equivalent parallel planes passing through
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all the other points of the lattice. Such a set of planes is known as a set of lattice planes. 

Several sets are illustrated in Figure 2.3. A set of lattice planes divides each edge of the unit

cell into an integral number of equal parts (McKie and McKie, 1986).

^  •* •  • 
a. # — «jV— «" ^ *

Figu re 2.3 Lattice planes.

2.1.5. Miller indices

If the lattice repeats along the x, y, z axes are respectively a, b, c and if the first plane 

out from the origin (at a lattice point) of a set of lattice planes makes intercepts a/h, b/k, c/1,

where h, k, 1, are integers, than the Miller indices of this set of lattice planes are (h, k, 1). A set

of lattice planes (h, k, 1) divides a into \h\ parts, b into |A| parts and c into |/| parts. The set of

lattice planes labelled I in Figure 2.3 from the origin (taken as the front upper right-end 

comer) has Miller indices (122) (McKie and McKie, 1974).

The procedure for allotting face indices is indicated in Figure 2.4 where equal divisions 

are made on the x, y and z axes. The parametrical plane ABC, with axial intercepts of OA = a, 

OB =b, OC = c, respectively is indexed (111). The plane DEF has axial intercepts x  = OD = 

2a, y = OE = 3b, z = OF = 3c, so the indices for this face can be calculated as 

h = a/x = a/2a = 1/2; 

k = b/y = b/3b =1/3;

1 = c/z = c/3c = 1/3;

Hence h:k:l=l/2:l/3:l/3 and multiplying through by 6, h:k:l=3:2:2. Face DEF, 

therefore, is indexed (322). Similarly, face DFG, which has axial intercepts of x = 2a, y = -2b,
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z = 3c gives h:k:i=l/2:-l/2:l/3 = 3:-3:2 or (3 32). Thus the Miller indices of a face are 

inversely proportional to its axial intercepts (Flint, 1966).

" + /

*y

Octahedron

Figure 2.4 Intercepts o f planes on the crystaUographic axes.

2.1.6. The external shape o f  crystals

The regular nature of the spatial arrangement of the atoms within a crystal leads 

directly to consequence that different directions in the crystal may not be equivalent.

There is no obvious physical reason why atoms should attach themselves to the 

growing crystal as readily in one direction as in a crystallographically distinct direction and 

indeed one would intuitively expect that not to be so; if were so, crystal would tend to grow 

towards a spherical shape and that is not found experimentally to happen. Crystals tend to 

grow with plane faces which are parallel to lattice planes, especially to lattice planes with 

high density of lattice points per unit area (Law of Bravais).

Figure 2.5. Projection o f the lattice o f graphite down the z-axis on the xy plane.
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A high density of lattice points per unit area of a lattice plane implies a large 

interplanar spacing and consequently large intercepts a/h, b/k, c/1, on the reference axes. The 

indices of commonly well developed faces on crystal thus tend to have small values of h, k 

and 1. Figure 2.5 shows the decrease in the density of lattice points per unit area of lattice 

plane (hkO) as their indices h and k increase. (McKie and McKie, 1974).

Bravais suggested that the surface energies, and hence the rates of growth, should be 

inversely proportional to the reticular densities, so that the planes of highest density will grow 

at the slowest rate and the low-density planes, by their high growth rate, may soon disappear. 

For these reasons, the shape of a grown crystal may not always reflect the symmetry expected 

from its basic unit cell (Mullin, 1997).

2.1.7. Dislocations

Atomic displacement may be of the nature of small strains due to the presence of 

defects in the structure. One sort of defect which gives rise to local strain in a crystal of 

invariant chemical composition is a dislocation (Hirth and Loethe, 1968). In the interpretation 

of images of crystals containing defects which cause atomic displacements in small volumes 

of the crystal, we take as example an edge dislocation, which is a defect such that a plane of 

lattice points terminates in a dislocation line within a crystal Figure 2.6. The Burgers vector b 

is the shortest lattice vector normal to the incomplete lattice plane.

I u n Î11

Figure 2.6 Edge dislocation.
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2.2. Supersaturation

In this study of characterization of bond formation in agglomerative processes, 

supersaturation is one of the main parameters influencing the system.

When a solid phase (solute) is dissolved in a hquid (solvent) a solution is formed. For 

this two-component system, at any given temperature, a limit of solubility exists such that no 

further solid wül dissolve. The solution is then said to be saturated. The solute and solvent 

coexist in a dynamic equilibrium at that concentration and temperature.

It is often easy, e.g. by cooling a hot concentrated solution, slowly, without agitation, to 

prepare solutions containing more dissolved solids than that represented by equilibrium 

saturation. Such solutions are said to be supersaturated.

The supersaturation, or supercooling, of a system may be expressed in a number of 

different ways. Among the most common expressions of supersaturation there is a quantity, s, 

defined by (MuUin, 1997; Randolph and Larson, 1988).

c - c ,  /Sc c 
 ̂= — = —  (2.1)

Where c = supersaturation solution concentration
Cs = equilibrium saturation concentration at a given temperature 
s = supersaturation

The term supercooling defined by

/ST = T^-T  (2.2)

Where T  = supersaturation solution temperature
% = equilibrium saturation temperature

is occasionaUy used as an alternative to the supersaturation, Ac, the two quantities being 

related through the local slope of the solubility curve dcJdT, by

(2.3)
dT

The terms labile and metastable saturation classify supersaturated solutions in which 

spontaneous (primary) nucléation would or would not occur, respectively. The relationship

between supersaturation and spontaneous crystallizatbn leads to a diagrammatic

representation
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of a metastable zone on a solubility-supersolubility diagram of concentration against 

temperature, represented in Figure 2.7.

Labile

ac

Stable
AT,

Temperature 

Figure 2.7 The solubility-supersolubility diagram.

The diagram is divided into three zones, one well defined and the other two variables to 

some degree:

1.

2.

The stable (unsaturated) zone, under the solubility curve, where crystallization 

is impossible.

The metastable (supersaturated) zone, between the solubility and 

supersolubiHty ciuves, where spontaneous crystallization is improbable. 

However, if a crystal seed were placed in such a metastable solution, growth 

would occur on it. The metastable limit is the critical supersaturation at which 

point the system nucleates spontaneously (primary nucléation). The dominating 

event of a system operating in the vicinity of the metastable limit is nucléation. 

Nucléation generates an excessive number of smaller crystals. Consequently, 

the average sizes of crystal size distributions (CSDs) resulting from 

desupersaturation profiles that approach the metastable limit are very small. 

Away fi:om the metastable limit and close to the solubility line, low 

supersaturation levels quench nucléation and crystal growth is dominant. In this 

circumstance, most of mass is consumed by growth resulting in larger CSDs. 

The metastable zone width results from the specific characteristics of 

nucléation in a supersaturated solution of soluble substances. The metastable
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zone width can be considered as a characteristic property of crystallization for 

each system. Also it is an important parameter to analyse product qualities of 

industrial crystallization processes, such as product crystal size, crystal size 

distribution and crystal shape by its contribution to nucléation and crystal 

growth. (Kwang-Joo and Mersmann, 1999)

3. The unstable or labile (supersaturated) zone, where spontaneous crystallization 

is probable, but not inevitable.

The metastable limit along with the solubility defines the operating zone of bulk 

crystallization from solution, as illustrated in Figure 2.7. If a solution represented by point A 

in Figure 2.7 is cooled without loss of solvent (line ABC), spontaneous crystallization cannot 

occur until conditions represented by point C are reached. Supersaturation can also be 

achieved by removing some of the solvent fi’om he solution by evaporation. Line AB’C’ 

represents such an operation carried out at constant temperature. Penetration beyond the 

supersolubiHty curve into the labile zone rarely happens, as the surface fi-om which 

evaporation takes place is usually supersaturated to a greater degree than the bulk of the 

solution.

Crystals which appear on this surface eventually fall into the solution and seed it, often 

before conditions represented by point C’ are reached in the bulk of the solution.

The lower continuous soiibüity curve in Figure 2.7, determined by one of the 

appropriate techniques, can be located with precision. The upper broken supersolubüily curve, 

which represents temperatures and concentrations at which uncontrolled spontaneous 

crystallization occurs, is not as well defined as that of the solubility curve. The factors 

affecting the supersaturation are analysed in the next section.

2.2.1. Factors affecting supersaturation

The metastable limit of a particular system depends on the supersaturation rate (cooling 

rate), impurities and the hydrodynamic conditions of the crystaUizer (Mullin, 1997). 

Hydrodynamic conditions are specific to a given crystaUizer since they are established by 

factors such as the crystaUizer and the stirrer configuration and material of construction and 

the stirrer speed, and also from physical properties of the solute-solvent system (DunuwUa 

and Berglund, 1997).
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Agitation

Agitation is frequently used to induce crystallization. Stirred water, for example, will 

allow only about V2 °C of supercooling before spontaneous nucléation occurs, whereas 

undisturbed water will allow over 5 °C. Most agitated solutions nucleate spontaneously at 

lower degrees of supercooling than quiescent ones. In other words, the supersolubility curve 

(Figure 2,8) tends to approach the solubihty curve more closely in agitated solutions, i,e, the 

width of the matastable zone is reduced (Mullin, 1997),

It was, however, shown (Mullin and Raven, 1961; Mullin and Raven 1962) that an 

increase in the intensity of agitation does not always lead to an increase in nucléation. In other 

words, gentle agitation causes nucléation in solutions that are otherwise stable, and vigorous 

agitation considerably enhances nucléation. But the transition between the two conditions 

may not be continuous; a portion of the curve (see Figure 2,8) may have a reverse slope, 

indicating a region where an increase in agitation reduces the tendency to nucleate. This 

phenomenon, might be explained by assuming that agitation effects can lead to the disruption 

of molecular clusters in the solution.
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Agitation

Figure 2.8 Influence o f agitation on supersaturation (adapted from Mullin and Raven, 1962).

Cooling operation modes

Crystallization from solution is often carried out on the industrial scale by batch 

cooling in agitated vessels and the need for some control over this process has long been 

recognised (Mullin, 1997), Different ‘operating policies’ of cooling exist viz, natural, linear 

and controlled cooling. Different temperature profiles (Figure 2,9 (a)) and different solubility 

curves (Figure 2,9 (b)) correspond to each of these curves.
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^  Natural cooling

In this situation the transient temperature follows Newton’s law of cooling. The cooling 

rate is proportional to the gradient of temperature and crystallization is uncontrolled 

(Figure 2.9 (a)). The uncontrolled cooling of a batch crystaUizer, using the full cooling 

power of the system, is described by

dt
(2.4)

where T is the solution temperature at time /, and is the mean temperature of the

cooling water. The value of the proportionality constant K  depends on the cooling 

surface area and the heat transfer coefficient in the system under consideration is related 

to the total batch time, r, satisfying the initial and boundary conditions To and 7>.

(2.5)
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Figure 2.9 (a) Comparison o f cooling modes for batch cooling crystallization o f solutions (i) 
natural cooling, (ii) linear cooling, (Hi) constant nucléation rate, (h) Cooling crystallization 
curves o f solutions (adapted from Jones and Mullin, 1974).

36



Part A  -  Introduction 2. Literature review

The high initial cooling rate, where the gradient of temperature is greatest, supersaturates 

the solution at a faster rate than the rate of desupersaturation by growth on existing 

crystals. The supersaturation rapidly reaches the metastable limit (Figiue 2.7) and 

excessive nucléation occurs. These nuclei subsequently grow and in consequence an 

irregular product is usually obtained (Jones and Mullin, 1974).

Ul Linear cooling

In this situation the temperature follows a constant cooling rate (Figure 2.9 (a)). The 

initial high supersaturation peak associated with natural cooling is reduced (Figure 2.9 

(b)) and there is generally an improvement in the product crystal size (Jones and Mullin, 

1974).

W.I Controlled cooling

Controlled cooling curves may be predicted from a mathematical model, e.g. for 

programmed cooling at a constant nucléation rate.

The controlled cooling method has been developed for optimal batch cooling 

crystallization (Doki et a l, 1999). Batch cooling crystallization is widely used in the 

production of fine chemicals and pharmaceuticals. For purposes of purification or 

separation, large-size product crystals of monodispersed or unimodal distribution are 

wanted to improve downstream processing efficiency and total separation economics. 

For the purpose of production of crystalline products, the size of product should be 

controlled as desired.

The controlled cooling method was first proposed by Mullin and Nyvlt (1971) as a 

cooling mode so as to keep the supersaturation during cooling at low level within the 

metastable zone. Further, Jones and Mullin (1974) and Jones (1974) suggested a 

systematic approach to calculate theoretical cooling curves by considering nucléation 

effects. The behaviour of a batch crystaUizer may be predicted fi’om a theory of 

programmed cooling crystaUization based on the moment transformation of the 

population balance coupled with the material and energy balances (Jones, 1974).

The operation of a batch crystaUizer may be programmed to foUow an infinity of cooling 

curves in order that the solute is released to the crystaUine form. Other theoretical 

developments (MuUin and Nyvlt, 1971; Jones, 1974; Jones and MuUin, 1974; DunuwUa 

and Berglund, 1997) have shown that controUed cooling curves, such as based on 

constant nucléation rate, result in an improvement ia the product crystal size compared to 

that obtained by natural or linear cooling.
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Computations of the weight mean size and coefficient of variation for potassium 

sulphate, corresponding to different cooling pohcies, are shown in Table 2.2 where the 

potential benefit of controlled cooling is clearly seen (Jones, 1972).

Table 2.2 Effect of different operating pohcies on the theoretical product CDS for Potassium 
Sulphate.

Terminal S ize of W eight C oefficient of
Operating Policies crystals Mean Size variation

(pm) (pm) (%)
Natural Cooling 1198 594 75
Linear Cooling 1335 831 61
Constant Nucléation 
Rate Cooling

1510 1236 39

Constant nucléation rate controlled cooling shows an increase in both the terminal size 

of crystals and the weight mean size of the whole distribution, compared with both linear and 

natural cooling.

The effect of the above cooling curves on the transient supersaturation is shown in 

Figure 2.10. Natural and hnear cooling curves produce initial supersaturation peaks and hence 

peaks in the transient nucléation rates (which are non-linear functions of supersaturation). The 

effect is more pronounced in natural cooling.

X

q
DC
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2
3
"Ôt/)

Constant nuckat*on rat# "

Lm«ar cool ing

N a t u r a l  c o o l i n g

5 0 lOO ISO 200

Time (minutes)
Figure 2.10 Effect o f the cooling curves on supersaturation (adapted from Jones and Mullin, 
/97V).
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It is interesting to note that the final supersaturations (and therefore nucléation rates) 

are in the reverse order. For example the terminal condition fi-om natural cooling (which has 

the highest peak), is lower than that from linear cooling, which itself is lower than that for 

constant nucléation rate cooling (which has no supersaturation peak). This means that natural 

cooling gives the lowest residual supersaturation and therefore the highest total amount of the 

solute deposited. However, natural cooling does not give the best product crystal size 

distribution (see Table 2.2).

2.2.2. Metastable zone width

Metastable zone widths, represented by the critical undercooling at which crystalline 

particles are first detected, have been determined for both seeded and unseeded aqueous 

solutions of potassium aluminium sulphate. One of the methods consists of measuring the 

maximum undercooling allowed by an agitated solution before it nucleates. The slope of the 

fine obtained by plotting the detected critical undercooling AT and the cooling rate b, on 

logarithmic coordinates has been interpreted as the order of the nucléation process, n, defined 

by the empirical equation

5° Ac" (2.6)

where Ac is the supersaturation and 5  ° is the rate of nucléation.

This equation is an over simplification because it assumes that at the moment when 

nuclei are first detected the rate of supersaturation is equal to the rate of nucléation. In fact the 

created supersaturation is dissipated in two ways, partly by growth on existing crystalline 

particles and partly by the formation of new nuclei.

The metastable zone widths for an unseeded and gently agitated solution of potash 

alum, using a Coulter counter, are presented as a function of cooling rate in Figure 2.11 

(Mullin and Jandc, 1979).

Saturation temperatures were established from density measurement utilising the 

solubility data of Jandc, (1976).

The metastable zone widths for both seeded and unseeded solution increases with 

increasing cooling rate. The slopes of the curves depend on the technique adopted to detect 

the onset of nucléation (i.e. visual and Coulter Counter methods).

In the visual method (Figure 2.11 (a)) the onset of nucléation was taken by the first 

visible appearance of crystals. Tests indicated that crystals become visible in the size range 5 

to 10 pm. In the electronic particle-counter detector method (Figure 2.11 (b)) a Coulter
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counter was used to detect the onset of nucléation. It was estimated that the first countable 

crystals “appeared” in the size range 1 to 2 pm.
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Figure 2.11 Metas table zone widths o f seeded and unseeded aqueous solutions measured 
using (a) a visual method (b) a Coidter counter (adapted from Mullin and Jandc, 1979).

The most obvious difference between the two methods is that the Coulter counter 

records narrower metastable zone widths than does the visual method, because it detects 

crystals earlier (at a smaller size). The slopes of the plots, dQog b)ld(\og /IT) are similar for 

the unseeded solutions but significantly different for seeded.

The differences in the undercooling measured by the visual and the Coulter counter 

techniques can be related to the time it takes for crystals to grow over the size range between 

the two detection sizes. The detected critical undercoohng is a consequence of two processes: 

(a) nucléation at the metastable limit and (b) growth of the nuclei to a size at which crystals 

are detected. However, the relative contributions of these two processes in determining the 

slope and the position of the lines in Figure 2.11 are somewhat uncertain because no 

observations can be made at the actual metastable limit. The maximum allowable 

supercooling for an aqueous potash alum solution at 25° C measured in presence of crystals 

under condition of slow coohng and moderate agitation is 4°C (Pamplin, 1980).
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Beginning of cooling

Equilibrium saturation

Metastable limit2
a

I Coulter counter detection

Visual detection

tcte q ty

Time
Figure 2.12 Schematic representation o f a cooling experiment and the sequence o f the crystal 
detection (adapted from Mullin andJancic, 1979).

Figure 2.12 illustrates the stages involved in a typical cooling experiment (Mullin and 

Jandc, 1979): the moment depends on the cooling rate and the time required for crystals to 

grow to the detectable size.

2.3. Crystallization

Worldwide demands of basic crystalline commodity products, such as sucrose, salt, and 

many fertilizers are increasing. In the manufacture of these chemicals, crystallization is an 

important step in a process sequence and therefore a proper integration of this step into the 

assodated upstream and or downstream processing operations is needed. CrystaUization is 

preferred wer other conventional separation techniques, e.g. distUlation, for the case of heat 

sensitive and/or high boUing point compounds and difficult separation of close boiling 

mixtures. In these cases, crystaUization can offer substantial savings in energy compared with 

distiUation (Tavare, 1995).

During the past 30 years, the vast increase in importance of industrial crystaUization 

has coindded with a fundamental understanding of predpitation processes. The unit operation 

of crystaUization is governed by some very complex interacting variables. It is a simultaneous 

heat and mass transfer process with a strong dependence on fluid and particle mechanics.
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Furthermore, it takes place in a multiphase and multicomponent system, and it is concerned 

with particulate solid whose mean size and size distribution, both difficult to characterize 

uniquely, vary with time.

2.3.1. Formation o f  a precipitate

Crystallization from solution occurs when the solute concentration in a solvent exceeds 

its solubility. Such a solution b said to be supersaturated. Supersaturation can be generated by 

cooling a solution below its saturation temperature, by evaporating the solvent from solution, 

or by adding to the solution a third miscible component that changes the solubility of the 

solute (Randolph and Larson, 1988)

The formation of a precipitate is essentially a two-step phase transformation process: 

the creation of new crystallization centres (nucléation), followed by the growth of these nuclei 

in the supersaturated solution. These processes may proceed simultaneously in a given 

system, although they are largely independent of one other. Secondary processes such as 

crystal agglomeration and Ostwald ripening may also occur (Mydlarz and Jones, 1991).

2.3.2. Nucléation

Homogeneous nucléation refers to the birth of very small bodies of a new phase within 

a supersaturated homogenous existing phase. It is a consequence of rapid local fluctuations on 

a molecular scale in a homogenous phase that is in a state of metastable equihbrium. The 

nucleus is the smallest assemblage of particles that wiU not redissolve and can therefore grow 

to form a crystal (McCabe et al, 1993).

The rate of nucléation (the number of nuclei formed per unit time per unit volume), 

from the theory of chemical kinetics, is given by the equation:

=Cexp (2.7)

Where = nucléation rate, number/cm^ s
Ni= Avogadro constant, 6.0222 x 10̂  ̂molecules/g mol 
R = gas constant, 8.3143 x l(f ergs/g mol K 
C = frequency factor

In addition, the solubility of a substance a  is related to its particle size by the equation 

(Thomson, 1871):
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(2.8)

Where L = crystal size
a  = ratio of concentrations of supersaturated and saturated solution
5 = a  -1  = supersaturation
Vm = molar volume of crystal
tJ= average interfadal tension between solid and liquid
Mi = number of ions per molecule of solute

The factor C is a statistical measure of the rate of formation of embryos that reach the 

crystal size. From analogy with nucléation of water drops from supersaturated water vapour, 

it is of the order of l(f^ nuclei/cm^ s. Its accurate value it is not important, because the 

kinetics of nucléation is dominated by the In a  term in the exponent.

Numerical values of CJ are also uncertain. For ordinary salts, cris of the order of 80 to 

100 ergs/cm^.

The difficulty with the above expression is that it predicts nucléation only at extremely 

high supersaturations, far more than supersaturation levels observed in most organic 

crystallization systems (Randolph and Larson, 1988; McCabe et al, 1993). This is one reason 

why homogeneous nucléation never occurs in ordinary crystallization from solution.

Thus, heterogeneous nucléation and secondary nucléation are generally the most 

important contributors to new particle formation. Heterogeneous nucléation is induced by 

foreign particles and the catalytic effect of sohd particles on nucléation rate is the reduction of 

energy required for nucléation. Two kinds of secondary nucléation are known one attributable 

to fluid shear and the other to colhsion between existing crystals with each other or with the 

wall of the crystaUizer and rotary impeUers or agitator blades (McCabe et al, 1993).

The foUowing equation can be used to describe the rate of both heterogeneous and 

secondary nucléation considering Cn related respectively, to the number of sites available for 

nucléation and hence the surface area of the nucleating substrate, or, to the surface area of 

solute in suspension (Randolph and Larson, 1988). If is used to denote the çparent 

interfacial tension the Equation 2.7 may be written as:

= C„ exp 3v'(̂ ry(in«y (2 9 )
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This equation gives result of the correct order and does not reflect the very strong effect 

of supersatmation on nucléation.

It has been shown by experiments (Randolph and Larson, 1988; MuUin, 1997) that 

nucléation is in general a non-linear function of supersaturation and it can also be correlated 

with the degree of agitation as expressed by the tip speed of a pump impeUer or vessel 

agitation. Nucléation is also often observed to be an inverse function of the ambient 

temperature. For design and analysis purposes, correlation have been successfuUy used as 

foUows (Jonesesa/., 1986)

B°=K,(T)M<s‘ (2.10)

Where (T) = kinetic constant 
M  = suspension density 
5 = degree of supersaturation

The exponent must be determined experimentaUy, but j  is usuaUy 1 and i is usuaUy 

from 1 to 3. The temperature effect on nucléation is usuaUy described by an Arrhenius-type 

equation (MuUin, 1997; Jones et a i, 1986)

= (2.11)

Where E„ = activation energy of nucléation, has been found to be either positive or 

negative for different substances, T  is the absolute temperature and R is the gas constant 

(Genk and Larson, 1972; Wey and TerwUUger, 1980; Larson, 1984).

2.3.3. Crystal growth

As soon as stable nuclei have been formed in a supersaturated or supercooled system, 

they begin to grow into crystals of visible size (MuUin, 1997).

The mechanism of crystal growth from solution requires that solute be transported to 

the crystal surface and then oriented into the crystal lattice. Two successive steps are required, 

a diffusional step foUowed by a surface reaction step (Randolph and Larson, 1988; McCabe et 

a l, 1993). The reaction step consists of solute clusters formed in supersaturated solution 

diffusing along the surface untU oriented for incorporation into the crystal lattice at an 

appropriate site.

Garside et a l (1979) demonstrated the existence of an adsorbed layer of solute on the 

surface of a growing crystal. The exact nature of this layer is yet to be determined, but it
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appears to be composed of partially ordered solute, in a partially desolvated lattice. This layer 

is conceptually shown in Figure 2.13. The thickness of this layer is related to both diffusion 

and surface reaction rates. As the surface reaction increases relative to the diffusion rate, the 

layer thickness decreases (Randolph and Larson, 1988).

/ /  /

Figure 2.13 Adsorbed lay’er of solute on the surface o f a growing crystal.

AmBn pHiO; ^  hydrated A " ions; \  hydrated B '" ions;

If both diffusion resistance and reaction rate affect the overall growth rate, than a 

growth-rate equation must include both. The overall resistance to growth can be represented 

conceptually as shown in Figure 2.14.

Concentration

Solution

Distance

Figure 2.14 Solute concentration profile in crystal growth by precipitation from solution.

As shown in Figure 2.14, is the adsorbed layer thickness and ^  is the diffusion-layer 

thickness. In this illustration, the diffusion resistance is greater than the surface reaction 

resistance. Then the mass transfer can be written:
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é ^ ^ k A c - c , )  (Z12)
at

—  -  k^A{c. - c J  (2.13)
at

Where dm/dt = mass per unit time, mass flow rate 
kd = diffusion mass transfer coefficient
kj = reaction mass transfer coefficient
A  = surface area of crystal
c = bulk concentration
Ci = crystal-solution interface concentration
Cs = saturation concentration

The resistance for the two steps may be added to give an overall coefficient k

^  = k 4 c - c , )  (Z14)
at

Where k is defined by

(2.15)

The growth rate dLldt is denoted by the symbol G. For an invariant crystal the volume 

of the crystal V is proportional to the cube of its characteristic length L: V = f y l l  where/v is 

the volume shape factor. If p is the density of the crystal, the mass of the crystal m is then

m = Vp= f^Ü p  (2.16)

Differentiating Equation 2.16 with respect to time gives

The surface area of the crystal A is A= 6VIL = Ü , where /s„ is the area shape factor. 

Substituting this and the expression given in Equation 2.17 into Equation 2.14 gives
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(218)
f s u L  ( c - c j

From this

G = - ^ ^ { c - c ^ ) = k ^ { c - c )  (2.19)

However, in the case of apparent size-dependent growth, as in mixed suspensions, 

crystals exhibit a growth behaviour that cannot be explained by the model presented 

(Randolph and Larson, 1988). Several alternative empirical models to describe growth-rate 

size dependency have been proposed (Jones et a l, 1986). For example Abbeg et a i (1968) 

have shown the form

G = G,(l + ) i f ,  K < 1  (2.20)

Here /and K  are experimentally determined constants. Go being the supersaturation- 

dependent growth rate of a ‘zero’ crystal size described by the semiempirical equation 

(Mullin, 1997; Jones et a l, 1986) Go = kç, where ko is the zero size kinetic coefficient, s is 

the supersaturation, g is the growth order.

The effect of temperature on the rate constants of these processes may be expressed by 

an Arrehenius-type relationship (Mullin, 1997; Jones et a l, 1986).

K{T) = aexp (2.21)

Where E is the activation energy for growth (Eg), diffusion (Ed), or reaction (E )̂, T  is 

the absolute temperature and R is the gas constant.

2.4. Agglomeration

Agglomeration is the tendency that small particles have to cluster together, in liquid 

suspensions. It refers to the more or less random attachment of particles to each other to form 

a collection of crystals joined together at edges and comers.
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Interparticle collisions may result in permanent attachment if the particles are small 

enough for Van der Waals and Coulombic forces to exceed the gravitational forces, a 

condition that is generally obtained for sizes < 1 pm (Mullin, 1997),

The role of agglomeration in modifying the particle characteristics, such as size and 

shape and the properties of precipitates and their suspensions, such as particle size distribution 

(PSD), particle number concentration, filtration and sedimentation characteristics, has been 

the subject of several discussions (Budz et a l, 1978; Sohnel and MuUin, 1992). 

Unfortunately, there is not an adequate understanding of the agglomeration process to permit 

general system prediction and control.

2.4.L Agglomeration during industrial crystallization

During industrial crystallization, nucléation and crystallization processes are the 

primary particle formation processes but secondary processes, including particle breakage, 

abnormal growth and agglomeration, can also occur and have a determining effect on product 

quaUty, especiaUy of precipitates (Jones, 1993).

In many cases, the agglomeration process is undesirable but sometimes it can be useful 

to obtain the best characteristics for specific products. For example, frequently the objective 

of the mixed fertilizer industry is to buUt larger particles by ‘sticking together’ two or more 

smaU particles (Randolph and Larson, 1988). However large crystals are particularly prone to 

breakage, creating fines and secondary nuclei, or to abnormal grow, leading to the formation 

of undesirable morphologies. On the contrary, some precipitates are often required to be in 

form of fine powders that are particularly prone to aggregate during their formation sticking 

together to form agglomerates.

In addition, one of the most troublesome properties of crystalline materials is their 

tendency to bind together, or cake, on storage. In fact, most crystalline products are required 

to flow readily out off the containers, e.g. sugar and table salt, or be capable of being 

distributed over surfaces, e.g. fertilizers. Handling, packagmg, tabletting and many other 

operations are aU made easier if the crystalline mass remains in a particulate state.

Such agglomeration can occur via several mechanisms and give rise to a wide variety 

of physical forms of differing particle strength (Jones, 1993).

2.4.2. Primary and secondary agglomeration

In general, two modes of crystal agglomerations can be distinguished, viz., primary 

because of mal-growth of crystals and secondary because of crystal-crystal aggregation.
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Agglomerated forms of crystals, deriving from primary agglomeration, are sometimes 

called composites, poly crystals, dendrites, twins, etc. Primary agglomerate growth has been 

postulated to arise either as a consequence of impmity action or by diffusion field limitations, 

but have been relatively few detailed studies of primary agglomerate solution growth kinetics 

(Jones, 1993). The crystaUographic analysis of primary agglomerates, however, has long been 

known (Muhin 1997).

Two types of secondary agglomeration may occur as a consequence of aggregation (a) 

Perikinetic due to Brownian motion of smaU particles (<lmp) or (b) mainly orthokinetic, due 

to larger particles (>1 mp), in agitated particulate systems, where the fluid velocity gradients 

of the crystals give rise to collisions. When two or more crystal particles are brought together 

in the agitated solution, their natural attraction due to Van der Waals forces, first bring them 

together as aggregates. Then in a supersaturated solution, the process of crystal intergrowth 

may occur, leading to the formation of relatively strong crystal-crystal bond and the particles 

are eventuahy cemented fibrmly together as agglomerate (Randolph and Larson, 1988).

2.4.3. Kinetics o f  crystal agglomeration and disruption

The kinetic studies of some precipitating crystals, i.e. calcium carbonate precipitation 

(Hostomsky and Jones, 1991), have been carried out at high supersaturations of reacting 

solutions. The crystallization, at high supersaturation levels, is compHcated by the formation 

of considerable aggregation, which renders difficult conventional kinetic analysis based on 

the evaluation of the particle size distribution of the precipitate.

In order to analyse and predict particle size distributions, the population balance is used 

to provide a mathematical fi-amework incorporating kinetic expressions for the various crystal 

formation, aggregation and disruption mechanism.

For an idealised steady-state mixed-suspension, mixed-product removal (MSMPR) 

crystalhzer the population balance is given by (Randolph and Larson, 1988)

+ + (2.22)

Where n(L) is the population density defined on a crystal size basis, «o(T) is the input 

seeded population density defined on a crystal size basis, G is the linear growth rate, is the 

nucléation rate, i.e. the number of elementary particles formed per unit time per unit volume 

of suspension, T is the mean residence time calculated as the ratio of the active volume of the
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crystallizer and the volumetric flow rate of suspension, (5-D)a and (5-Z))d respectively 

represent the net formation of particles at size L by aggregation and rupture, the subscripts A 

and D on the birth B and death D terms refer to agglomeration and disruption, respectively.

Agglomeration term

Let the nmnber of particles with a characteristic size in the range L to L+dL be n(L)dL. 

It is assumed that the frequency of successful binary collisions between particles of size L’ to 

L'+dL’ and L” to L”+dL” is equal to pAn(U)n(L’̂ )dL’dL’\  where Pa is the collision frequency 

factor. Then the term representing the aggregation model is given as (Randolph and Larson, 

1988)

( B - D I  = ^ J P A l- 'H L '')d L -n (L )h A L ')d L  (2.23)

Here L ’̂ +L”̂  =L̂ , with the boundary condition n(0) = B^/G.

Particle disruption term

Within an agitated suspension, the process of dispersion opposes that of aggregation. 

Thus, new small particles may form from existing ones, by turbulent break-up or disruption of 

aggregates, or by erosion, attrition or breakage of particles, tending to reduce particle size. 

Two break-up mechanisms have been suggested in the literature (Synowiec et al, 1993) 

representing extreme cases viz. surface erosion of primary particles and particle splitting 

respectively. Furthermore, these processes may occur in two general modes; i) coUisional 

mechanical break-up; ii) turbulent fluid-mechanical break-up. The coUisional break-up of 

crystals suspended in stirred vessels may occur either because of collisions between crystal- 

crystal, crystal-impeUer and crystal vessel. The turbulent fluid mechanical break-up is due to 

turbulent fluid flow. Eddies that are larger than the critical size would tend to entrain 

particles, thus causing httle surface stress. Eddies that are smaUer than the size of the 

particles, however, wUl tend to flow over the particles, providing particle shear, surface drag 

and pressure forces.

For solution of the population balance equation, many forms exist for the particle 

disruption terms B^ and Do (Randolph and Larson, 1988), but a particularly simple form 

which requires no integration of a fragment distribution is the two-body equal-volume 

breakage function. At one extreme it is assumed that each particle breaks into two smaller 

pieces, each of half the originalvolume. Randolph and Larson (1988) proposed a form for Du

50



Part A  -  Introduction 2. Literature review

that was proportional to the volume of the rupturing particle and the population density at that 

volume

(2.24)

And for the following relation

B„{v).2D„(2V).2P„{2Vy,{2V)  (2.25)

The aggregate mpture term become

( B - D ) ^ . 2 D „ { 2 V ) - P , M 2 V ) n { 2 V ) - V x ( y l  (2.26)

Where io  is the disruption parameter.

By substituting Equations 2.23 and 2.26 into the population balance Equation 2.22, it is 

possible to obtain an equation balance having three adjustable constants Pa, Pd and B^. The 

general form of the population balance, including aggregation and rupture terms, can be 

solved numerically to model the experimental particle size distribution.

The influence that both aggregation and attrition can have during agglomerative 

precipitation, each being particle size dependent (Wojdk and Jones, 1998) and may also 

contribute to an apparent particle size independence of inferred overall agglomeration rates 

during continuous MSMPR precipitation (Hostomsky and Jones, 1993).

Agglomeration and disruption kernel functions

The collision frequency factor for aggregation and disruption theoretically depends on 

power input and crystal size.

Various size-dependent models of aggregation and disruption have been tested ly 

Hartel and Randolph (1986) and Hartel et al. (1986) in an MSMPR precipitation study, which 

attempts to explain the mechanism of collision frequency (Kernel functions). PSD predictions 

based on theoretical models of laminar and turbulent flow, deviated from the data while 

excellent agreement was found by adopting the semi-empirical two-particle aggregation 

orthokinetic-like kernel calculated as (Hartel and Randolph, 1986; Wachi and Jones, 1998; 

Jones et al, 1996):
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L'^+L Ii3
(2.27)

Moreover, a disruption term assumed to be proportional to particle volume according to

(2.28)

Where /s„ is the surface area shape factor and is the aggregation constant and ^  is 

the disruption constant.

Wojdk and Jones (1997) have found experimental evidence that the Kernel function 

for both aggregation and disruption depends also upon supersatmation. This dependence is 

shown qualitatively in Figine 2.15. An explanation of this dependence can be given by 

considering that with increasing supersaturation the particles become more ‘sticky’ so that 

when they collide they can cement more firmly together and they become more difficult to 

disrupt. This hypothesis will be verified in the present project by measuring the strength of 

bonds between particles as a function of supersaturation.

As shown in Figure 2.15 the size-independent aggregation Pa shghtly increases, whilst 

disruption strongly decreases with increasing crystal growth (G).

This result, though not definitive, indicates the potential role of crystal growth and of 

dependence of agglomerate strength on supersaturation.

Pa P d

G
Figure 2.15 Dependence o f size-independent aggregation kernels Pa and Pd on crystal 
growth rate (adapted from Wojdk and Jones, 1997).

2.5. Review

Theoretical and experimental information to be used throughout the thesis either as 

terms of discussion and comparison or as state-of-the-art references is reviewed in this 

chapter.
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Section 2.1 describes the crystalline state and provides the necessary terminology for 

the following chapters. The notions presented in this section were particularly helpful in all 

phases of the experiments requiring the identification of spedfic crystal faces.

The concept of supersaturation, one of the key parameters influencing the micro

mechanics of crystal agglomeration investigated in Chapter 8 and 9, is elucidated in Section

2.2. This concept is crucial in the design of the experimental set-up presented in Chapter 3, in 

particular to ensure an adequate control of experimental conditions (e.g. temperature in the 

crystal growth cell, as detailed in Chapter 6).

How crystals form and grow in supersaturated solutions is explained in Section 2.3. 

This information was a basic guidance in all operations of solution and crystal preparation 

described in Chapter 7.

The chapter is concluded with the description of the conditions leading to the formation 

and disruption of crystal agglomerates, and of the complications raised by agglomeration in 

the kinetic modelling of crystallization processes. This information will be integrated and 

used in the discussion of the experimental results on the effect of supersaturation on 

agglomerative strength (see Chapter 8 and Chapter 9) and in the formulation of a hypothesis 

on the mechanism of agglomeration (see Chapter 11).

2.6. List of symbols

Symbol Description Units

a Pre-exponential factor s'̂

A Surface area m^

B Birth rate Particles m^s^

Nucléation rate number of nuclei m^ s'̂

c Concentration kgm'^

c„ Nucléation frequency factor number of nuclei m'̂  s'̂

D Death rate Particles m ̂ s^

E Activation energy J mol^

f Shape factor dimesnionless

G Linear growth rate -1m s

k Mass transfer coefficient -1m s

K Kinetic constant s'̂

L Crystal size m
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m Mass kg
M Suspension density Number of nuclei m^

n Population density Particles mT*

Na Avogadro constant molecules mol^

Pd Disruption parameter ms^

ru Number of ions per molecules of solute moions m̂olgolutê
R Gas constant J mof^

s Supersaturation dimensionless

t Time s

T Temperature K

V Volume m̂

ibscript Description

0 Initial

a Apparent

A Agglomeration

d Diffusion

D Disruption

f Final

g Growth

i interface

M Molar

n Nucléation

r Reaction

s Saturation

su Surface

V Volume

w Water

Acronym Description

CSD Crystal size distribution

MSMPR Mixed-suspension mixed-product removal

PSD Particle size distribution
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Chapter 3

A  N o v e l  Ex pe r im e n t a l  Dev ic e  fo r  A g g l o m e r a t iv e  
F orce  M easurem ents

This chapter deals with the development of an experimental set-up capable of 

measuring intra-particle forces in crystal agglomerates (i.e. Objective I of the project, see 

Section 1.2). The set-up is to be used for the procurement of micro-force data in 

agglomerating systems (i.e. Objective H). These data can be obtained by measuring the force 

required to disrupt agglomerates formed using different crystals under different experimental 

conditions of temperature, supersaturation and contact time.

The set-up is designed to ensure the repetition of routine operations such as

(i) selection of crystals,

(ii) orientation of crystals,

(iii) agglomeration of crystals, and

(iv) rupture of agglomerates.

In addition, in order to assess the influence of varying operating conditions (in 

particular contact time and supersaturation) control of temperature and contact time of 

crystals during the experiments is required. As a consequence the experimental set-up must 

provide means of

(i) handling crystals,

(ii) agglomerating crystals under controlled conditions (e.g. temperature,

supersaturation, agitation, contact time),

(iii) imparting and detecting controlled movements to crystals and agglomerates,

(iv) measuring micro-forces.

The starting point for the development of the experimental set-up used in this project 

was an existing apparatus available at the Department of Chemical Engineering at UCL for 

the measurement of adhesion forces between particles attached via liquid bridges. Preliminary
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agglomeration experiments performed using this apparatus suggested the modifications and 

innovations required to upgrade the system for the measurement of intra-particle forces in 

crystal agglomerates.

3.1. Background

In previous work performed at the Department of Chemical Engineering at UCL, a 

micro-force balance (MFB), has been developed to study liquid bridges between particles 

(down to 3 p,m in diameter) in relation to granulation processes (Fairbrother and Simons, 

1998; Simons and Fairbrother, 2000). In that system, a pair of appropriately shaped micro- 

pipettes holds two particles in position in an optically clear dish. One of the particles is wetted 

by binding liquid and brought in contact with the other particle to form a liquid bridge. The 

two particles are then separated untü rupture of the bridge occurs. One of the two micro

pipettes is highly flexible in the direction of separation and is driven away by a signal acting 

on its thick base. The control signal is logged by a PC and enables separations to take place at 

different speeds. Due to the separation movement imposed, the bend in the flexible pipette 

deflects proportionally to the force exerted by the bridge. The deflection of the micropipette is 

calculated as the difference of movement between the base of the micro-pipette and the centre 

of the bend. The flexible micro-pipette is pre-calibrated to determine its spring constant 

(usually between 0.05 an 0.5 N/m).

The MFB, originally designed to investigate the micro-mechanics of liquid bridges 

between particles suspended in air, has been used to determine the role of liquid and surface 

properties in the development of the bridge geometry and strength (Pepin et a l, 2000 a; Pepin 

et aL, 2000 b), and adapted to allow measurements of particle-binder interactions between 

two submerged particles (Rossetti and Simons, 2003). The device is currently being used for a 

micro-mechanistic investigation of particulate interactions in drinking-water flotation froths 

(Spyridopoulos and Simons, 2004), and for direct measurements and observations at micro

scale of particle interactions at high temperatures (Pagliai et a l, 2002).

3.2. Preliminary expeiime nts

In order to evaluate the feasibility of agglomeration force measurements, preliminary 

agglomeration experiments were performed on potash alum crystals using an existing MFB
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specifically designed for the measurement of liquid bridge forces between particles 

(Fairbrother, 1998).

The apparatus, schematically shown in Figure 3.1, consists of an Olympus BX60 

optical microscope fitted with an adapted stage supporting two micro-manipulators. Fine 

adjustments in all three dimensions are achieved using the individual plane micrometers of 

both micromanipulators.

OWective

PEC input 
LVDT output

Flexible
pipette Liquid feed 

Static pipette

Optical follower
(attached to control system 

incorporating a PEC and LVDT)

Figure 3.1 Schematic diagram of the set-up used for preliminary experiments.

To perform agglomeration experiments, a straight micro-pipette, with a crystal attached 

to one end, is clamped onto a static pipette micromanipulator with the crystal being placed 

under the objective lens of the microscope. The second crystal, attached to a pre-calibrated 

flexible micropipettes, is then placed under the objective in contact with the first crystal. The 

micromanipulator supporting the flexible pipette incorporates a 30-pm expansion piezo

electric crystal (PEC), which allows the pipette to be driven remotely. Because PECs exhibit 

non-linear expansion and hysteresis with respect to applied voltage, a linear variable 

displacement transducer (LVDT) is fitted to monitor PEC expansion.

In order to form an agglomerate, the crystals are submerged into a supersaturated 

solution in an optically clear dish and brought in contact (Figure 3.2).

When agglomeration has occurred, the crystals are separated by applying a voltage 

signal, causing the PEC to expand. The agglomeration force causes the flexible pipette to 

bend, with the bend being proportional to the force.
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Figure 3.2 Schematic side view o f  the cry>stal growth cell. A and B: micromanipulators; C. 
water objective.

To calculate the bending moment, the follower micromanipulator monitors the tip of 

the pipette via a mirror. To control the optical follower a reflecto-optic sensor is used to 

linearly detect the position of the edge of the mirror in its filed. The output from the sensor, 

when focused on the edge of the mirror is 0 V. Movement onto the mirror causes an increase 

in the output voltage and movement away a decrease. To keep the sensor focused on the edge 

of the mirror, control electronics are used to drive a second expansion PEC. The expansion is 

measured by a LVDT. The difference between the output of the two LVDTs is used b 

calculate the bending moment and thus the force.

The results of the experiment can be qualitatively observed in Figure 3.3, which shows 

pictures of two potash alum crystals before and after agglomeration taken by a camera 

mounted on the microscope.

Figure 3.3 Two potash alum crystals before and after agglomeration.
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During the preliminary experiments, the existing apparatus, specifically designed to 

measure forces between sohd particles attached via liquid bridges, showed some inherent 

drawbacks which limit its apphcability to measure agglomeration forces in crystal systems:

Temperature (i.e. the level of supersaturation) cannot be controlled in the optical 

dish. It is therefore impossible to perform experiments at varying supersaturation 

to assess the effect of this variable on agglomeration forces.

W Crystals do not oppose parallel faces during agglomeration experiments. As a

consequence, the distance between the agglomerating crystals is not uniform and 

may affect the repeatability of the measurements.

W The flexible pipette used for the estimation of forces in Hquid bridges between

adhering particles has a too weak spring to be used to measure forces in soHd 

bridges as those found in crystal agglomerates.

W Sohd bridges in crystal agglomerates may stretch when mechanically stressed,

thus affecting the estimation of agglomeration forces through the relative 

displacement of two LVDTs as assembled in the apparatus used in the 

preliminary experiments.

W Handling crystals before, during and after agglomeration experiments is severely

hampered by the microscope objective positioned above the stage and the 

micromanipulators.

Despite these limitations, the preliminary trials with potash alum using the existing 

apparatus configuration showed that crystals with a mean diameter in the range 40-60 pm are 

suited to the micro-mechanic approach of this project. It is relatively easy to attach them to 

the pipettes and bring them into contact. It is also possible to determine, via image analysis, 

the geometry of the crystal surfaces at contact points. The crystals can be brought together 

and left in contact over a range of time scales, thus enabling the dynamic development of the 

bond between them to be studied. The lower crystal size limit for ease of operations and 

stabHity of the measurements (40-60 pm) is rather larger than the product from many 

precipitations, especially where supersaturation is very high, but is well below the size of 

agglomerates achieved from cooling crystallization of moderately soluble inorganic salts such 

as potash alum (Mydlarz and Jones, 1991) and hydrogen-bonded organic crystals, including 

succinic acid and urea (Davey et al, 1982; Davey et al, 1986).
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Besides these enœuraging results, the preliminary experiments suggested the following 

modifications required to develop a specific apparatus capable of measuring agglomeration 

forces between crystals:

Thermal control of the dish, necessary to keep the solution at a defined 

supersaturation level during the agglomeration force measurement.

A special design of the manipulator, which allows having two crystals opposing 

parallel faces to make the experiments repeatable.

A specific MFB for measuring forces of sohd bridges instead of hquid ones.

A device for evaluating an eventual agglomerahon stretch within the sohd 

bridge.

Free space above the stage clear for operahon of the manipulators and of the 

system.

LJtl

La

3 3 . System development

On the basis of these requirements the existing apparatus has been innovated by 

introducing the features listed in Table 3.1.

Table 3.1 Novel apparatus innovarions.

Existing system Novel system Aim

Fixed stage  

No thermal control

Micromanipulators

Measurement o f force  
with a pre-calibrated glass 

pipette bend 
No possibility of 

evaluating relative 
displacement o f the  

manipulators

Olympus BX60 optical 
microscope

(O bjective above the  
stage)

Travelling platform on 
the stage

Dish thermally 
controlled

Special design of the  
micromanipulators 

Measurement o f force  
with a pre-calibrated 

flex ib le  blade 
Special apparatus to 
evaluate the relative 
displacement o f the  

two manipulators

Olympus 1X50 inverted 
optical microscope 

(Objective under the  
stage)

To allow th e crystals to  be hold 
in position outside th e  solution 

and then be immersed in a 
certain level o f supersaturated  

solution
To allow th e  crystals to  be hold 

with opposing parallel fa ces

To allow forces o f solid bridges 
to  be resolved (>10’  ̂ N)

To evaluate s tre tch es  o f th e  
solid bridge

The inverted microscope has 
the objective under the stage  
to leave the space above clear 

for operation o f the  
manipulators
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The innovations listed in Table 3.1 are implemented in a novel piece of apparatus 

capable of measuring adhesion forces between crystals down to 50 pm in diameter.

The rationale behind the development of the experimental set-up used in this study is 

that the agglomerative force can be measured as the force required to break an agglomerate. 

On this basis the experimental set-up is designed to enable the following sequence of 

operations:

W Selection: two mother crystals are selected on the basis of the Kgularity and

smoothness of their faces, with possible choice of different crystal faces.

W Orientation: once selected, mother crystals are oriented so that they oppose

parallel faces to each other.

W Agglomeration: mother crystals opposing parallel faces are placed and hold in a

supersaturated solution where agglomeration occurs.

W Breakage: once the mother crystals have agglomerated, the agglomerate is

broken and the breaking force measured.

To fulfill these tasks the experimental set-up is equipped with:

Wi A crystal growth cell containing a supersaturated solution where mother crystals

are placed and hold to form an agglomerate;

Wi Two manipulators to handle (i.e. to select, orientate, place in solution, hold in

position and move) mother crystals during Ihe phases of selection, orientation, 

agglomeration and breakage.

Wi A piezo adjuster to impart controlled movements to the agglomerates.

W Two LVDTs to detect and measure movements of mother crystals and

agglomerates.

u l A dynamometer to measure the force necessary to disrupt the agglomerate during

the breakage phase.

W A microscope to monitor the sequence of operations (selection, orientation,

agglomeration and breakage).

W A camera to capture images of crystals before, during and after the

agglomeration and breakage phases.

W A computer to record data on crystal movements and dynamometer

measurements, and to elaborate images of crystal surfaces for the 

characterisation of contact area between mother crystals in the agglomeration 

phase.
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3.4. Experimental set-up

The devices required to perform the sequence of operations are assembled in the 

experimental set-up presented in the photograph of Figure 3.4 and in the schematic layout of 

Figure 3.5.

Microscope
Cooler

Stage

Thermocouple
Camera 

Crystal growth cell

Computer

Image analyser

Figure 3.4. Layout o f the experimental set-up.

n

Figure 3.5. Photograph of the microscope and stage.
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The set-up consists of a microscope, fitted with an adapted stage which supports the 

crystal growth cell where agglomeration of mother crystals occurs, and two manipulators used 

to handle crystals during the operations of selection, orientation, agglomeration and breakage. 

A MFB is mounted on the stage and used to measure agglomerative forces. The temperature 

of the solution in the crystal growth cell is monitored using a thermocouple and controlled 

through an annular heat exchanger connected to a heater-cooler device. A camera takes 

images of crystals during each phase of operation. The camera and the stage are connected to 

a computer used to store and elaborate data and images. Details of the devices and 

apparatuses assembled in the experimental set-up of Figures 3.4 and 3.5 are given in the 

following sections.

3.4.1. Microscope stage and micro-force balance

The adapted microscope stage supporting the crystal growth cell and the manipulators 

is schematically represented in Figure 3.6.

Stage

Micromanipulators 

(
C

Crystal growth 
cell Micropip( t̂t«

Figure 3.6t Top view o f the stage (A) supporting two micromanipulators (B and C) with 
their micropipettes (E,) and the crystal growth cell (D).

The vessel containing the supersaturated solution is an optical dish with a volume of 50 

ml and a diameter of 60 mm. The vessel is mounted on a travelling platform, which can be 

moved vertically to bring the dish from below the stage to the stage level. The temperature of 

the solution in the vessel can be varied and controlled using a thermostated annular water 

jacket positioned around the dish, as fully detailed in Chapter 6 (see Section 6.2).

Two manipulators (KFH Design Limited, UK) are placed at opposite sides of the 

vessel. In order to leave the space above the stage clear for operation o f the manipulators, the
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microscope lens is placed under the stage. This is achieved by using an inverted optical 

microscope (Olympus 1X50). The operations of selection, agglomeration and breakage are 

performed under the microscope and monitored through a camera (JVC 55) connected to the 

microscope lens.

The manipulators allow handling of crystals through two micropipettes. One o f the 

manipulators is designed to enable free rotation of the supported pipettes. The orientation of 

the pipettes changes during different phases of operation.

The set-up configuration during the selection phase o f the experiments is illustrated in 

Figure 3.7.

Micropipette
Micromanipulator 

Stage \
\-

F.

X Travelling 
platform 

Microscope 
objective

Figure 3.7. Stage (A) configuration during particle selection. Micromanipulator (C) is 
operated so that the crystal is picked with one o f its faces parallel to the stage plane.

Crystals are visually selected under the microscope based on the regularity of their 

faces. As discussed in Chapter 4, the application of the theory of interferometry allows the 

choice o f those crystals whose faces are perfectly coplanar to the plane of an optical dish. As 

schematically shown in Figure 3.7, a pipette oriented perpendicularly to the stage through the 

specifically designed manipulator is used to pick the selected crystal by gluing the ‘back’ of 

the crystal to the pipette tip. Through this procedure, the selected crystal face results oriented 

perpendicularly to the pipette axes. The pipette can then be removed from the manipulator 

and stored for agglomeration and breakage experiments.

The set-up configuration during the agglomeration phase o f the experiments is 

illustrated in the photographs of Figure 3.8 and schematically depicted in Figure 3.9. The 

details of the stage design are given in the drawings of Appendix B.
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r

Figure 3.8L Details o f the microscope stage.
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Figure 3.9 Stage (A) configuration during crystal agglomeration. Micromanipulators (B and 
C) are operated so that the supported crystals oppose parallel face to one another.

At the beginning of this phase, two pipettes (E) supporting selected particles are fixed 

on the manipulators (B and C) and oriented parallel to the stage with their tips converging. 

Following this procedure, the experiments can be performed with crystals opposing parallel 

faces. The supported particles are positioned at a certain fixed distance by manually moving 

the manipulator B. By using the travelling platform (F) on the stage, the empty growth cell 

(D) can rise. The solution can be poured in it. The crystals are then placed in contact by 

imparting to the LVDT I a controlled movement through the piezo-adjuster (M). The 

agglomeration occurs under a defined supersaturation level reached by controlling the 

temperature through a thermostatic annular rig (see Section 6.2).

The force measuring device is a MFB mounted on manipulator C. The MFB, 

schematically represented in Figure 3.10, is based on the principle of a spring. Two thin 

sheets are screwed parallel to each other.

A LVDT is used to measure any bending of the sheets brought about by any force on 

the micropipette-held particulate. The armature of the LVDT "follows" the bending of the 

sheets. Various materials and thicknesses can be used for making the pair of sheets, changing
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in this way the flexibility of the device, and thus the range of the forces measured by it (see 

Section 6.1 for details on spring calibration).

Flexible blades

LVDT

^icropipette holder

To the LVDT disployer and to the computer

Figure 3.10 Schematic diagram o f the micro force balance (MFB).

The flexible blade (H, see Figure 3.9), is at rest during the agglomeration phase, as no 

breaking forces are applied to the agglomerating crystals. The set-up configuration during the 

breakage phase of the experiments is illustrated in Figure 3.11. A long travel piezo adjuster 

(MDE 227, Elliot Scientific) M, imparts to the manipulator B a controlled movement. The 

corresponding displacement of the two mother crystals forming the agglomerate is measured 

by using two LVDTs: LVDT I (type GTX 1000, RDP electronics) detects the movement of 

manipulator B and LVDT L (type G5, RDP electronics) detects the movement o f the flexible 

blade H. The long travel piezo adjuster pulls the agglomerate until it breaks. The force 

necessary to break the agglomerate (i.e. the agglomerative force) is quantified by measuring 

through LVDT L the displacement of the calibrated flexible blade H mounted on manipulator 

C. The combined use of two LVDTs allows the detection of an eventual relative movement of 

the two particles forming the agglomerate (agglomerate stretch), as relative displacement of 

manipulator B and flexible blade H.
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Figure 3.11 Stage (A) configuration during agglomerate disruption. Travel piezo adjuster 
imparts a displacement to the manipulator B in the direction o f the red arrow, which in turn 
causes the displacement o f the agglomerate and the flexion o f the blade (H).

3.4.2. Electronic control

The layout of the electronic controls connected to the stage is displayed in Figure 3.12. 

Instrument control and data acquisition is carried out via the computer (R) through a 

16-bit multifunction interface board (N) (DT322, Data Translation Inc., MA, USA) to which 

the piezo (M) and both LVDTs (I and L) are connected. The Data Translation hardware 

provides input and output analogue and digital multi-channels. The board scans the channel- 

gain list continuously and acquires data until either the operation is stopped or a specific 

number o f samples are acquired.

In order to perform measurements and acquire data, the multifunction board is coupled

with:

The Omni CD application software that acts as interface between the data 

acquisition board and the computer, giving access to all board to collect, save 

and display data.
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The Visual Programming Environment VEE Pro (Hewlett-Packard) which acts 

as interface between the data acquisition board and instruments connected (piezo 

and LVDTs). This is a visual programming language which works connecting 

easy-to-understand block diagrams, instead of writing lines of code. It 

automatically handles the interfacing details so it is no longer necessary to 

manage EO session handles.

Figure 3.12 Layout o f the electronic connections: A stage, B and C micromanipulators, 
G microscope objective, , I and L LVDTs, Mtravel-piezo adjuster, Nmultifunction boar, 
O piezo-amplifier, P and Q L VDT display, R computer.

A routine written in the VEE Pro environment (see Appendix C) enabled the coupling 

of board and instruments for the control of the system.

The whole assembly allows:

' Piezo-expansion control: The control panel of the program in Appendix C,

reported in Figure 3.13, shows that it is not only possible to input a specific 

movement of the piezo in pm (a), but also set the speed of the movement (p) 

and choose a step of time for recording data (y).

The multifunction interface board (N) (see Figure 3.10), installed on the 

computer (R), performs an online conversion of the digital signals sent from the 

control panel into analogue signals. These pass through the output channel and
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reach the piezo-amplifier (O). The latter controls the piezo-actuator/tube (M) 

and hence the movement of the micromanipulator connected to it (B).
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Figure 3.13 Panel o f  the VEE Fro routine for control o f the piezo adjuster.

LVDTs data acquisition: The movement detected from the LVDTs, I and L, 

which are connected to the micromanipolators B and the flexible spring F 

respectively (see Figures 3.10 and 3.11), corresponds to an analogue signal. This 

signal passes through the input channels of the board. The latter performs an 

online conversion from analogue to digital signal and sends it to the computer for 

display on the user panel (Ô and 8 in Figure 3.13)).
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All data of movement applied to the piezo and those recorded by the two LVDTs and 

displayed on line, are stored on the PC’s hard disc drive in a format suitable for importing 

them into a Microsoft Excelspreadsheet (Figure 3.14).
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Figure 3.14 LVDT and piezo expansion data stored into a computer spreadsheet.

This electronic device, combined with the sequence of images captured on line by the 

video camera connected to the computer, allows a complete control and overview of the 

experiments.

3.5. Review

A novel experimental apparatus was developed for the estimation of intra-particle 

forces in crystal agglomerates as the force required for agglomerate disruption. The set-up 

consists of;

r j

a specifically designed crystal growth cell where two crystals are submerged in a 

supersaturated solution to agglomerate under controlled conditions of 

temperature, agitation, contact time;

two manipulators specifically designed to handle crystals for operations of 

crystal selection, orientation and displacement;

a piezo-adjuster imparting controlled movements to crystals and agglomerates; 

two LVDTs to detect any crystal displacement;

a micro-balance for measuring the force required to disrupt an agglomerate;
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a microscope equipped with a camera to monitor all operations performed during 

the experiments and take images of the crystals, before, during and after the 

experiments;

W a computer to control movements of the piezo-adjuster, and collect, record and 

elaborate outputs of the LVDTs and the camera.

The experimental set-up allows the repetition of the following routine operations:

wi Selection of crystals,

W Orientation of crystals,

W Agglomeration of crystals,

W Rupture of agglomerates

Ldi Measurement of rupture forces.

3.6. List of acronyms

Acronym Description

LVDT Linear variable displacement transducer

MFB Micro-force balance

PEC Piezo electric crystal
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Chapter 4 

Su rface  Ch a r a c te r isa t io n

Accurate characterisation of crystal surfaces before and after agglomeration 

experiments is, together with the force measurements, critical for the obtainment of 

reproducible quantitative information of intra-particle mechanics of crystal agglomerates (i.e. 

agglomerative strength) and for the formulation of sound hypothesis on agglomeration 

mechanisms. In particular:

Ui The surfaces of crystals to be placed in contact during agglomeration

experiments, performed with the experimental device described in Chapter 3, are 

preferably as flat and smooth as possible to reduce a random effect of the surface 

roughness on force measurements, and enable control of uniform distance 

between the two opposite crystal surfaces.

iW Force measurements are based on direct quantification of the force necessary to

dismpt an agglomerate. This force can be readily related to the agglomerative 

strength, if the area of contact surface between two agglomerated crystals is 

measured after the agglomeration experiments.

W Characterisation of the morphology of the contact surface (e.g. concavity,

roughness) wUl help to formulate hypothesis on liquid inclusions within the

agglomerate and on the nature of bonds between agglomerated crystal surfaces 

(see Chapter 11).

This chapter briefly reviews fundamentals and applications of the techniques used to 

characterise the surface of crystals before and after agglomeration experiments.

Four experimental techniques were used for characterisation of crystal surface: 

interferometry, image analysis, conoscopy and environmental scanning electron microscopy 

(ESEM).
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Crystals to be used for agglomeration experiments were chosen on the basis of flatness 

and smoothness of their surfaces. These superficial characteristics were assessed using an 

interferometric technique.

The area of the surface of contact between two crystals were estimated after the 

agglomeration experiments by image analysis. This technique allows the measurements of the 

projection of the contact surface on the plane of the crystal surface.

Information on the morphology of the contact surface (e.g. depth, roughness) was 

obtained using ESEM and concoscopy. ESEM with high resolution magnification (up to 

50,000 times) allows a qualitative tri-dimensional characterisation of the contact area between 

two agglomerated crystals after rupture. On a more quantitative basis, conoscopy provides a 

tri dimensional reconstruction of the contact surface.

4.1. Background

4.1.1. Interferometry

Surface topography can be assessed by means of optical interferometry in order to 

detect imperfections in the free surface of a crystal (Pamplin, 1980). The technique can give 

information about the surface micro-topography of a crystal by the application of localized 

multiple-beam fringes to the surfaces in exam. Multiple beams are a succession of coherent 

beams aU in specifically related phase and intensity, these being combined to produce fiinges 

(Tolansky, 1955).

Interference fringes appear when ‘coherent’ multiple beams (radiated from one point of 

the source) arrive at the same point of the surface, by different path, and superpose producing 

visible interference effects.

In order to detect fiinges of interference it is necessary to match crystals with a flat 

smooth surface. The fiinges can be regarded as forming a contour map, similar to geographic 

contour map, but with the separation between each contour line corresponding to a change in 

height of some 2.5xl0'^cm (V2). From an analysis of the fiinges map it appears that each 

distinct discontinuity corresponds to a distinct cleavage step and that the surfaces of a crystal 

consist of a number of cell units that are all hollow depressions or elevations. Both shapes and 

depths of the depressions or elevations are revealed.

In order to reveal fiinges of interference on a crystal surface for the examination of the 

surface micro-topography, an interference microscope can be used. An interference
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microscope is a modification of a reflected light microscope such that whilst an object is 

under view the instrument simultaneously behaves as an interferometer.

The simplest inverted type of microscope is shown in Figure 4.1.

(a)

Figure 4.1 (a) Schematic view o f an inverted microscope: A light from a mercury source, F 
filter, G small aperture, O objective, I focus o f O, S crystal, (b) schematic view o f a crystal 
face under the microscope.

Light from a mercuiy source A. after being monochromatized with filter F, passes 

through a small aperture, enters the side of the microscope and a point image is formed at I, at 

the back focal plane of the microscope objective (O). Because the point image (I) is 

coincident with the focus of the objective (O), the interference system (S), which in this study, 

is a crystal, is illuminated at normal incidence angle with parallel light. This is a necessary 

condition for the fringes to appear on the surface of the crystal.

4.1.2. Image analysis

An image analyzer comprises an image acquisition device, a means for converting the 

image to digital form, and software/hardware to process the data in order to extract the desired 

information from it. During acquisition images are transformed to digital signals, i.e. matrixes 

with defined number of rows and columns. Each point of these matrixes contains information 

about its position and value of its colour components. These points are called picture 

elements, (pixels). Pixels are represented by either 8-bit or 16-bit unsigned integers, ranging 

in value from 0 to 255 and from 0 to 65000 respectively. When the digitalization is
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completed, the information is stored in the computer memory, and image processing may be 

performed.

4.1.3. Environmental scanning electron microscopy

Scanning electron microscopes (SEMs) use a series of glass lenses to bend light waves 

and create a 3 dimensional magnified image by using electrons instead of light waves.

Chemical and biological specimens are dried in a special way that prevents them from 

shrivelling. Because the SEM illuminates them with electrons, they also have to be made to 

conduct electricity. After the air is pumped out of the column, an electron gun (at the top) 

emits a beam of high energy electrons. This beam travels downward through a series of 

magnetic lenses designed to focus the electrons to a very fine spot (Figure 4.2).

Near the bottom, a set of scanning coils moves the focused beam back and forth across 

the specimen, row by row. As the electron beam hits each spot on the sample, secondary 

electrons are knocked loose from its surface. A detector counts these electrons and sends the 

signals to an amphfier. The final image is built up from the number of electrons emitted from 

each spot on the sample.

Electron gun

Condensing
lenses

Scan coils

Objective
lens

Electron beam

Sample

Vacuum column

Monitor

Secondai^ electrons

Detector & amplifier

Figure 4.2 Schematic view of a scanning electron microscope (SEM).

The SEM reveals new levels of detail and complexity in the microscopic species and 

miniature structures.
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The ESEM is a scanning microscope specifically designed to investigate a big variety 

of different materials (e.g. crystals, polymers, biological cells, plants, soil bacteria, concrete, 

wood, asphalt and liquid suspensions), which differ from the conventional SEM because it 

operates without prior conventional preparation techniques with a conductive material 

(specimen preparation or gold coating), that may produce unwanted artefacts in the sample. 

Samples may be examined in water vapour or other gasses such as CO2 or at near 

atmospheric pressures due to the unique vacuum system of the ESEM. In these conditions wet 

or hydrated specimens (cells, hydrated crystals, tissues, etc) wül not dry and introduce any 

artefact.

The primary electron beam hits the specimen which causes the specimen to emit 

secondary electrons. The electrons are attracted to the positively charged detector electrode. 

As they travel through the gaseous enviromnent, collisions occur between an electron and a 

gas particle resulting in the emission of more electrons and ionisation of the gas molecules. 

This increase in the amount of electrons effectively amplifies the original secondary electron 

signal. The positively charged ĝ s ions are attracted to the negatively biased specimen and 

offset charging effects.

As the number of secondary electrons varies the amplification effect of the gas varies. 

If a large number of electrons are emitted from a position on the specimen during a scan, there 

is a high signal. If only a small amount of electrons are emitted the signal is less intense. The 

difference in signal intensity from different locations on the specimen allows an image to be 

formed. Magnifications up to 50,000 times - with resolution guaranteed to 100 Angstroms - 

are possible in such environments. This performance compares favourably with that from 

many conventional scanning electron microscopes.

The microscope's flexibility and non-destructive operation makes it ideal for a plethora 

of appUcations.

4.1.4. Conoscopy

Refractivity

A  light beam striking a surface can be either reflected and /or refracted depending on 

the surface characteristics.

Figure 4.3 represents a wave coming from medium 1, forming an angle P with the 

perpendicular to the interface with medium 2.

81



Part B -  M ateria ls and m ethods 4. Surface area characterization

Figure 4.3 Reflection and refraction.

The reflected wave and the refracted wave form respectively an angle jS’ and an angle 9 

with the perpendicular to the interface. Angles j3, p  and 9 are incidence, reflection and 

refraction angles, respectively.

The striking reflected and refracted waves are all placed on the same plane with P= p .  

The refraction index is defined as:

sin P 
sin 9 (4.1)

i can be expressed as

i ,  w. (4.2)

where:

i = relative refraction index of medium 2 respect to medium 1 

Wi = wave velocity in the medium 1;

W2 = wave velocity in the medium 2.

Bi-refractivity

Considering a bi-refractive mono-axial crystal (which has one axis of symmetry, called 

optical axis, and two different refraction indexes), if the optical axis is lying on the page and a 

planar polarized wave intercepts the crystal perpendicularly respect to the page and hence to 

the optical axis, the secondary (propagation) waves are spherical with vL following the 

simple refractivity rules. This wave is called ordinary or “o” wave.
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If the optical axis is lying on the page and a planar polarized wave intercepting the 

crystal lies on the page forming an angle with the optical axis, the secondary waves will have 

two components one perpendicular and the other parallel to the optical axis propagating with 

a velocity v l  and v// respectively. Since they have a different value, the propagation wave 

will not be spherical any more but an ellipsoid will be generated. This wave is called 

extraordinary or “e” wave.

In the case the incident beam is non polarized, the secondary wave wiU decompose in a 

‘o ’ wave and in a ‘e’ one, out of phase. The velocities of the two waves are respectively 

defined as:

M’ - - (4.3)

where:

Wv = wave velocity in the vacuum

i'o = relative refraction index (of medium 2 respect to medium 1) of the ‘o’ wave 

i'e = relative refraction index (of medium 2 respect to medium 1) of the ‘e ’ wave

Conoscopy operating principles

The conoscopy is an interferometric technique that is capable of evaluating the distance 

(height) of a point on a surface using a bi-refractive crystal, with the bi-refractivity defined as:

A/ = / - i . (4.4)

with U and k  previously defined.

A basic scheme of conoscopy is represented in Figure 4.4.

Polarizer Analyser

Z axis

\

Crystal

f  ordinary 

 ̂extraordinary

Figure 4.4 Schematic view of a conoscope.
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The light coining out from point P passes through an optical system constituted from a 

circular polarizer and a mono-axial bi-refractive crystal (n), with the optical axis parallel to 

the z axis. Passing through the bi-refractive crystal of length L, the two polarised components, 

ordinary and extraordinary, will propagate with different velocities.

42

Figure 4.5 Path of a laser beam in a conoscope.

Figure 4.5, represents, for simplicity, the path of just one beam. Both the ordinary and 

extraordinary components coming out from the crystal (2) are reconstructed from the analyser 

(3) interfering on the screen (4), perpendicular to z axis, where concentric circles (circular 

fringes) are visualised. From the measurement of the fringes beams, it is possible to evaluate 

the distance of the point P from the detector plane.

4.2. Methods and equipments

4.2.1. Interferometer

The high-resolution Olympus IX-70 inverted microscope, described in Chapter 3, was 

adapted to be used as an interferometer.

Figure 4.6 (a) shows the interference pattern of the (111) surface of a potash alum 

crystal detected with a xlO lens. The surface of the crystal is seen in focus and covered with 

interference fringes. This means that the surface lies on the glass micro slide. The distinct 

discontinuity shown in the pattern of the fringes is given by a cleavage step.

The comparison between Figures 4.6 (a) and (b) underlines the different aspects 

showed by two crystal surfaces with and without appearance of fringes of interference 

respectively. The appearance of the fringes ensures the smoothness and flatness of the 

surface.
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(a) (b)

Figure 4.6(111) Potash Alum crystal surface (a) showing fringes o f interference, (b) not 
showing fringes o f interference.

The surface image quality enhancement due the brightness contrast of the fringes 

enables the identification of the surface in exam. In the specific example of Figure 4.6 (a) the 

characteristic shape of a ( 111 ) surface is apparent.

Crystals with smooth faces lying parallel to the glass micro slides can be glued onto the 

micropipettes following the procedure described in Chapter 7 (see Section 7.3), to ensure 

measurement of agglomerative forces between crystals with parallel faces.

4.2.2. Image analyser

Images of the contact surfaces between two crystals after agglomeration/rupture 

experiments were recorded using the camera connected to the microscope represented in the 

schematic layout of the experimental set-up represented in Figure 3.5. These images were 

then elaborated using an image analysis software (Aphelion) to estimate the area and the 

perimeter of the contact surfaces. To this end, a routine working under the Aphelion 

environment was purposely developed.

To use this routine, the image of the contact surface is loaded by Aphelion (see Figure 

4.7). The contact surface is delimited by drawing a polygon approximating its perimeter. The 

area and the perimeter of the polygon are calculated by the purposely developed routine on 

the basis of a calibration carried out at the same magnification at which the image is taken 

using a micro-ruler (see Figure 4.8).
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Figure 4.7 Sample o f the image analysis program developed for the measurement of 
contact area.

30 40 50 60 70 80 £

Figure 4.8 Magnification o f micro ruler used for calibration o f area and perimeter 
measurements (units: pm).
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4.2.3. Environmental scanning electron microscope

The morphology of crystal contact surface was qualitatively assessed through Scanning 

Electron Microscopy. Preliminary trials were carried out on potash alum crystals using a 

SEM. As SEM performs sample scans under vacuum conditions, when applied to hydrated 

materials (e.g. potash alum) causes the evaporation of hydration water. When water 

evaporates the sample surface tends to crack (see Figure 4.9).

For this reason SEM is not suitable to use with hydrated crystals, which morphology 

was better characterised using an ESEM. As dscussed in the background section of this 

chapter (see Section 4.1.3), ESEM performs sample scan under controlled conditions of 

pressure, avoiding problems with materials comprising components with low vapour pressure 

(e.g. water).

X  ■ -V

5̂
T
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Figure 4.9 Sample o f potash alum crystal showing cracks due to vacuum conditions applied 
during SEM analysis.

4.2.4. Conoscan

The Conoscan 3000, depicted in Figure 4.10, is an instmment based on a integrated 

system capable of detecting a tri-dimensional superficial profile.
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It mainly consists of a probe giving out a laser beam under which a motorised platform 

is mounted. The latter liven up the sample orthogonally to the x and y axes, in the laser field 

of action.

Figure 4.10 Photograph of the ‘Conoscan 3000’ device.

Its movement is controlled from a scanner software, installed on the computer, 

allowing the complete scamiing of the sample. Inputting the step of movement (the minimum 

step is 5 pm) and the maximum number of points, it is possible to scan the whole object area.

Conoscopy CCD camera

Computer
Control unit

leaser

Figure 4.11 Simplified scheme o f the conoscopic system.

The overall conoscopic system is illustrated in Figure 4.11, showing the semiconductor 

laser (red low power (<1 MW) certified as Class 11 laser) coming out from the probe, focusing 

on the surface to be analysed, the light being reflected back through the lens to the probe 

where the fringes are formed. The images are acquired from a camera and the converted
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signals are sent to a control unit. From this unit, signals are sent to a computer where a 

software allows its display and the registration of the data in different formats, as well as a 

graphical tri-dimensional reconstruction of the sample.

4 3 ,  Review

Four techniques are used in this project to characterise the crystal surfaces before and 

after the experiments:

W Interferometry: based on by the application of localized multiple-beam fringes to

the surfaces in exam, interferometry gives information about the surface micro

topography of a crystal, and can be used to detect imperfections and irregularities 

on the crystal surfaces and to select crystals with planar faces.

Wl Image analysis: this technique is used to measure the surface area of crystal faces 

and the projection on the face plane of the contact area between two crystals 

forming an agglomerate (after disruption).

W Consocopy: an interferometric technique capable of evaluating the distance

(height) of a point on a surface using a bi-refractive crystal, conoscopy provides 

a three-dimensional representation of the surface of contact between two crystals 

forming an agglomerate, and can be used to investigate the behaviour of crystal 

surfaces growing one into each other in agglomerates.

i-é Environmental scanning electron microscopy: this technique gives high

magnification pictures of crystal surfaces, with the possibility of controlling 

humidity, pressure and temperature of the environment where the picture is 

taken, and, on a less quantitative basis than conoscopy, can be used to 

characterise the morphology of the surface of contact in crystal agglomerates.

4.4. List of symbols

Symbol Description Units

* Refraction index dimensionless

^  Wave velocity ms'^
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Subscript Description

e wave 

‘o’ wave 

vacuum

Acronym

ESEM

SEM

Description

Enviromental scanning electron microscope 

Scanning electron microscope

4.5. References
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Chapter 5 

Cr y st a l -So lvent  S ystem s

One of the preliminary step of this project consisted in choosing a system suitable for 

easy operation and stability of measurements. This involves the choice of crystals and 

solvents to be used for the experiments. Since one of the objective of the project is to assess 

the dependence of agglomerative forces on the type of crystal (see Objective II, Section 1.2), 

the experiments were performed using an inorganic crystal and an organic crystal. The choice 

of the crystals was based on the following criteria:

W Solubility: the solute should be highly soluble in the selected solvent, with

solubility data available in the literature.

Metastable zone width: in order to perform agglomeration experiments under 

controlled conditions, solute-solvent systems with a wide metastable zone 

width in a temperature range close to ambient conditions are to be preferred.

Lji Habit: as one of the objectives of the project is to evaluate the strength of

agglomerates formed through contact of pairs of different crystal faces (see 

Section 1.2), the selected crystal should present planes, easily identifiable and 

regular faces. Crystal with habit well documented in the literature are to be 

preferred.

Ldl Preparation: the crystals should be readily obtainable by precipitation from

solution in a size range suitable for the operations of selection and orientation 

described in Chapter 7.

5.1. Preliminary trials

Preliminary trials of crystal preparation by precipitation were performed on solutions of 

different organic (e.g. urea, succinic acid, benzophenone) and inorganic (e.g. potassium
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chloride, sodium chloride, potassium sulphate, potassium aluminium sulphate) solutes. Some 

of these solutes were not easily precipitated in a form suitable for the designed set-up:

‘J  Potassium chloride: from aqueous solution precipitates in a ‘snow-like’ shape

(see Figure 5.1 (a)), with an irregular surface (see Figure 5.1 (b)).

Sodium chloride: precipitates from aqueous solution forming crystals with 

regular shape but with an irregular surface (see Figure 5.2).

Potassium sulphate: precipitates from aqueous solution showing a regular 

surface but asymmetric shape (see Figure 5.3) difficult to couple with other 

crystals in agglomeration experiments.

Benzophenone: precipitation from melting solution resulted in the formation of 

large agglomerates probably because o f lack of accurate temperature control.

(b)

Figure 5.1 Potassium chloride from aqueous solution (a) ‘sno-w-like’ crystal shape (b) 
particular o f the irregular surface.
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Figure 5.2 Sodium chloride from aqueous solution with regular crystal shape but irregular 
surface.

Figure 5.3 Potassium sulphate from aqueous solution with regular surface but asymmetric 
shape.
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Based on the selection criteria introduced above, potassium aluminium sulphate (potash alum) 

and succinic add were respectively selected as inorganic and organic crystal models.

5.2. Inorganic crystal; potash alum

The crystallization of potash alum (K2SO4 AI2 (8 0 4 ) 3  2 4 H 2O, M  = 948.8 kg/kmol, p  = 

1760 Kg/m^) from aqueous solution has been extensively studied by a large number of 

workers over the past twenty years or more (Mullin and Zacek, 1981; Jones and Mydlarz, 

1990; Meenan and Roberts, 1993; Karel and Nyvlt, 1994; N yvlt e t  a l. 1994). The reasons for 

the selection of this substance in crystallization investigations are (Mullin and Zacek, 1981): 

Ui Invariably crystallization in the form of discrete, near-perfect octahedral (with a

surface shape factor of 2.46).

Well-known kinetics of crystallization process.

S  High solubility that gives a wide metastable range avoiding excessive and

unwanted nucléation and giving in this way a quite big size of the crystals.

The added advantages are that it is not toxic, nor inflammable and relatively cheap.

5 .2 .1 .  H a b i t

Information on crystal surfaces properties are required to eluddate the fundamental 

mechanism behind crystal agglomeration.

The hydrated salt of potash alum occurs in an octahedral shape, i.e. eight (111) faces 

(Mullin, 1997; Kipp e t  a i ,  1994).

Figure 5.4 T yp ica l p o ta sh  alum  c ry s ta l w ith o c ta h ed ra l shape.
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As already mentioned the relatively wide metastable zone width, the symmetrical prismatic 

habit and easy of growth of potash alum has resulted in the use of potash alum as a model 

system. A photograph of a typical crystal obtained by cooling a supersaturated solution of 

potash alum, showing the habit of these crystals, is given in Figure 5.4.

Figure 5.5 illustrates the habit and evidences the well-defined (100), (110) and (111) 

faces of the crystal (Ristic e t a l ,  1991; Reyhani e t  a l ,  1999).

(100)

(111) 
(110)

Figure 5.5 S chem atic  3 D  d ra w in g  o f  p o ta sh  alum  cry s ta l habit.

5.2.2. Growth Kinetics

The accurate assessment of crystal growth rate under controlled conditions is essential 

if an understanding of the crystal growth process is to be achieved. The effects of 

temperature, supersaturation and mixing must be found in order to determine the mechanism 

of growth on the different faces of a crystal. As discussed in Chapter 2, if a supersaturated 

solution flows past the crystal at high velocity, diffusional effects can be neglected (see 

Equation 2.14 - 2.15) and the observed growth rate can be taken to represent the surface 

integration step in the growth process.

Other important parameters to take in account are:

W! The molecular orientation and structure at the surfaces in order to determine the 

distribution of sites available for bond formation and subsequent crystalline 

growth.
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Léi The intermoleciilar forces associated with each surface and hence their 

interaction with solute and solvent molecules as a function of their orientation 

to the surface.

W The relative sizes of the crystal surfaces (habit) for averaging over different 

surface-surface bond formation propensities and strengths.

The prediction of which surfaces are likely to dominate the crystal can be made from a 

knowledge of the crystal structure, assuming that the largest crystal faces have the greatest 

interplanar spadngs.

Growth rate measurements on single crystals of potash alum were made by Mullin and 

Garside (1967) to indicate the effect on the growth rate of varying the supersaturation and 

solution velocity past the crystal. This was achieved in a cell maintained at 32 °C through 

which solution flowed past a stationary crystal at a controlled velocity and supersaturation.

The growth rate of potash alum was shown to be governed by two variables, the 

solution supersaturation and velocity past the crystal. The linear growth rate of (111) faces, 

G(iii), was shown to increase with concentration driving force, Ac, according to :

G(„i) = 6.24 x10^m"“ Ac" (5.1)

where n varied between 1.25 and 1.62 over the Uquid velocity range 0.003 < u < 0.15 

m/s. This velocity effect was considered to be due to an increase in the diffusion rate of solute 

from the bulk solution to the crystal surface.

5.3. Organic crystal: succinic acid

The p form of succinic acid ((CHzCOOH)^, Mw=118.09 kg/kmol, p=1572 kg/m?) 

crystallizes from aqueous solution in the monochnic prismatic class.

The solubility of succinic acid in water over the temperature range 20 < J  < 40 °C may 

be represented by the equation (Mullin and Whiting, 1980):

c* =5.502x10 '  -1.157 xlO 'T  + 9.4037 xlO ^T (5.2)

The densities of saturated aqueous solutions of succinic acid over the temperature range 

20 < r  < 40 °C was correlated by the equation:

p = 1.01780x10' -  2.51262 x 10 ' T +1.59298 xlO 'T" (5.3)

96



Part B -  M aterials and methods 5. Crystal-solvent system

5.3.L Habit

The unit cell parameters and crystallography of succinic acid are well established 

(Mullin and Whiting, 1980).

A typical symmetrical crystal of succinic acid grown from aqueous solution at room 

temperature and low supersaturation, illustrated in Figure 5.6, resembles a six sided prism 

with a large predominant (001) basal plane bounded by smaller faces of the type (010), (111) 

and (110).

(010) (001)
(010)

(a) (b)

Figure 5.6 T ypical c ry s ta l h ab it o f  su cc in ic  a c id  g ro w n  from  aqueous so lu tion  (a) 

d ia g ra m m a tic  p lan , (b) sch em atic  3 D  draw n .

Crystals of succinic acid grown from the vapor have predominant (010) faces and 

smaller (100), (111), (110) and (O il) faces. From iso-propanol they grow as needle-hke 

crystals with major (100) and (010) faces (Van der Voort, 1980).

5.3.2. Growth kinetics

Several crystallization studies on succinic acid have dealt with crystal face growth rate 

measurements and overall growth and dissolution rate measurements. Mullin and Whiting 

(1980) studied the growth of succinic acid crystals in aqueous solutions. The face growth 

rates were measured at different supersaturation levels, temperatures, solution velocities and 

crystal orientations. Davey e t al. (1982) performed growth experiments in water and 

isopropanol to study the influence of solvent on crystal habit. The face growth rates in both
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solutions were measured at different supersatiuation levels. Growth and dissolution rates of 

succinic add crystals under hydrodynamic conditions close to those found in industrial 

processes were determined by Qiu and Rasmusson (1990).

MuUin and Whiting (1980) measured the overall growth rate of succinic add crystals 

using a semi-continuous weighting technique on a single crystal in a flow cell. Measurements 

were made at 27.3 °C an a relative crystahsolution velodty of 0.2 m/s. The data are correlated 

by the following equation;

G = (0.2 ± 0.15)Ac'^«"°°" (5.4)

Under the same conditions, the growth rate of the (001) face, which as shown in Figure 

5.6 take up a large proportion of the crystal surface, is proportional to the supersaturation 

taken at the power 1.47:

oc Ac'-'" (5.5)(001)

5.4. Solvent: water

Water is almost exclusively used as the solvent for industrial crystallization of 

inorganic substances from solution. This fact is quite understandable because, apart from the 

relative ease with which a very large number of chemicals compounds dissolves in it, water is 

readily available, cheap and innocuous (Mullin, 1997).

For the purpose of this study, the best solvent is water because the predpitation of 

potash alum and succinic add in water gives detectable and regular crystals more suitable for 

the measurements to be taken. In addition the vapor pressure of water is relatively low 

(compared to that of other solvents) in the range of solution temperatures tested in this 

project.

5.5. Review

The organic and inorganic crystal-solvent systems were selected on the basis of the 

criteria related to solubility, habit, metastable zone width and method of preparation.

Based on these criteria, potash alum was chosen as inorganic crystal and succinic add 

as organic crystal. Water was chosen as solvent for both solutes because their predpitation in 

water gives detectable and regular crystals suitable for the measurements to be taken in this 

project.
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5.6. List of symbols

Symbol Description Units

c Concentration kgm^

G Linear growth rate -1m s

u Velocity m s^

T Temperature K
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C hapter 6

C h a r a c t e r is a t io n  o f  th e  E x p e r im e n t a l  S e t - up

Before being used for the procurement of experimental data on agglomerate micro

mechanics, the experimental set-up needs to be characterised to enable control of 
experimental conditions and reliability and reproducibility of measurements. The calibration 

of the micro-force balance and control of temperature in the crystal growth cell, two issues of 

major importance for the correct and reproducible estimation of agglomerative forces under 

varying operating conditions, are considered in this chapter.

6.1. S p rin g  ca lib ra tio n

The agglomerative force is estimated using the experimental set-up illustrated in 
Figures 3.8 and 3.9 by measuring the displacement of the blade H through the linear variable 

displacement transducer (LVDT) L mounted on the manipulator B.

C

j Px x p m

Figure 6.1 C onfiguration  o f  m an ipu la tor C  f o r  ca libra tion  o f  the m icro -force  ba lance. K n ow n  
w eig h ts  a re  h a n g ed  to  the tip  o f  the L V D T ( L) p o in tin g  ve r tic a lly  dow n. The f le x io n  o f  the  

b lade(H ) is d e te c te d  by  the L V D T  a n d  can  be  r e a d  on the L V D T  d isp la y  (P).

Assuming that the measuring blade behaves as an ideal spring, the agglomerative force 

(F) is related to the blade flexion (jc) through the following equation:
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F = K x  (6.1)

Where AT is the spring constant of the blade.

This can be estimated using the set-up configuration shown in Figure 6.1, where the 

manipulator C is oriented with the LVDT L pointing vertically down. The spring constant can 

be estimated by measuring the blade flexion corresponding to different weigths hanged to the 

LVDT tip and fitting the experimental data with Equation 6.1. The slope of the best linear fit 

is the spring constant K.  The results of experiments performed with three alluniinum blades of 

different thicknesses (120, 160 and 200 pm) are plotted in Figure 6.2 together with the lines 

of best fitting. The correlation factor (r^) is higher than 0.99 for aU sets of data.
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Figure 6.2 C alib ra tion  cu rves fo r  three alum inium  b la d es  w ith  d ifferen t thickness.

The spring constant estimates corresponding to each fine are listed in Table 6.1. The 

product of the values of spring constant value and the precision of the LVDT (1 pm) gives the 

minimum force detectable by each blade.

Table 6.1 Spring constants for different alluminum blades.

Blade thickness (pm) Spring constant (N/m) Detectable force (pN)

120
160
200

66
218
343

66
218
343
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6.2. Supersaturation level

During the agglomeration phase of the experiments, the selected mother crystals have 

to be maintained in a supersaturated solution for agglomeration to occur. Different degrees of 

supersaturation are obtained by cooling at different temperatures a solution saturated at 25 °C 

Because the width of the metastable zone depends on cooling rate it is necessary to determine 

the cooling rate which allows the maximum metastable zone width (i.e. the most favourable 

experimental conditions for the measurement of agglomeration forces). The system used for 

the measurement of agglomeration forces is a non-agitated system consisting of an optical 

plate, containing a supersaturated solution (Figure 6.3), in which two crystals are hold in 

contact until they agglomerate. The temperature of the solution in the plate can be varied 

using a thermostated water jacket inserted in the plate. As can be observed in the sketch of 

Figure 6.3, although the volume is small compared to the heat exchange surface, due to the 

absence of agitation, upon cooling there will be a radial profile of temperature, which results 

in the system not being homogeneous.

iA

“X ||

Figure 6.3 D ra w in g  o f  the c ry s ta l g ro w th  c e ll m ou n ted  on the stage . A: o p tica l d ish; B: 

th erm osta tic  annular rig ; C : lid.

As discussed in Chapter 2 (see Section 2.2.2), all literature data on metastable zone 

width for potash alum refers to measurements taken in agitated vessels, and caimot be applied 

to non-agitated system as the plate used in this work. As a first approach for the determination 

of the metastable zone for the mentioned system it can be considered that, as shown in Figure 

2.8, the supersaturation is higher in the absence of agitation. This means that agitated 

solutions nucleate at lower degrees of supersaturation than quiescent ones. The meta stable
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zone for an agitated system is contained into the metastable zone width for the same non- 

agitated system. For example, if a non-agitated solution of potash alum is kept within the 

metastable width range obtained by MuUin and Jancic (1979) for the same solution under 

agitation, the solution is certainly kept supersaturated.

For a more accurate estimation, the metastable zone width has to be determined 

experimentally. It is worth noticing that most conventional methods used for the estimation of 

the metastable zone width in agitated crystallizers are not applicable to non-agitated systems 

because all of them are based on the punctual measurement of a property (e.g. pH, T and 

viscosity) (Ejaz, 1997). Such measurements are obviously not significant for a non- 

homogeneous system, because not representative of the whole system. The use of Coulter 

counter (Mullin and Jancic, 1979) was not possible for the same reason. In addition, in this 

case introducing a jacketed vessel into the Coulter counter creates an interference and so an 

error in the evaluation of the appearance of crystals. Several attempts have been made to 

overcome this difficulty. Randolph and Rajagopal (1970) and Youngquist and Randolph 

(1972) aUeviated the problem of ‘background noise’ by withdrawing a stream of crystallizer 

suspension and analysing it at some distance from the crystaUizer and its equipment, but for a 

non-agitated crystallizer this solution is not apphcable.

Thermocouples

Figure 6.4 Sch em atic  d ia g ra m  o f  the n o n -a g ita te d  ve sse l fo r  

m easu rem en ts o f  m e ta s ta b le  zo n e  w idth.
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In order to evaluate experimentally the metastable zone width for a non-agitated 

system, the visual method proposed by Mullin and Janôic (1979) for agitated crystallizers was 

adapted to detect the formation of crystals in a 200 ml vessel (Figure 6.4) containing a 

solution of potash alum saturated at 35°C and cooled under non-agitated conditions. The 

vessel was equipped with four thermocouples to monitor the temperature profile in the system 

during cooling.

This visual method resulted not to be applicable to non-agitated crystallizers because, 

differently from an agitated system, with the appearing of crystals, the solution does not loose 

its transparency. This means that the end of the metastable zone has to be determined from the 

appearing of single crystals inside the solution which for their small sizes are not easily 

detectable.

For an accurate detection of single crystals, experiments were carried out in the system 

represented in Figure 6.3, which allows visualisation of crystal formation under a microscope, 

and minimisation of temperature gradients in the system upon cooling.

A lid was used on top of the system (Figure 6.3) to isolate the system from the external 

ambient and to avoid evaporation and contamination of the solution.

A fresh solution of potash alum saturated at 25°C was prepared daily by mixing 6.06 

grams of potassium aluminium sulphate dodecahydrate (Fluca, Assay > 99.0%) in 50 grams 

of water solution (see Appendix A) and stored at 35°C in a mixed sealed vessel.

Figure 6.5 Schematic diagram o f the temperature control system. A: stage; B: optical dish; C: 
thermostat; D: lid; E and F: three way valve; G and H: heater-cooler; I: thermometer.
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In order to evaluate the metastable zone widths, controlled and repeatable undercooling 

experiments are required. The system used at this aim consists of the small dish equipped with 

a ring stain-steel thermostat, represented in Figure 63, kept under the inverted microscope 

(Ohmpus IX 50) connected by two three-way valves to two heater-coolers (Hetofrig, 

Denmark and Lauda). Each of these thermostats is adjusted at different temperatures. The 

temperature inside the solution is constantly detected using a temperature probe (Jenway). A 

schematic drawing of the whole system is represented in Figure 6.5.

All temperature measurements have been taken at a specific distance from the centre 

of the dish (R% = 0.007 m). Because the system is not homogeneous, the temperature profile 

recorded is just specific for all the points at a distance Ri, and different for all the points with 

r Ri.

For each experiment a small volume (4 ml) was withdrawn from the stored mixed 

solution and poured into the optical dish connected to the heater-cooler with a set point 

temperature of 28° C.

After waiting the time necessary for the solution to reach a uniform temperature 

(around 26.5°C, depending on the ambient temperature), the three way valves are switched 

toward the second heater-cooler adjusted at lower temperature. Depending on the temperature 

arranged for this second heater cooler, it is possible to determine different cooling profiles for 

the solution inside the dish. For each cooling profile, the maximum undercooling achievable 

in the system can be determined by visual detection of single crystals under the microscope. 

This will give a measure of the metastable zone width for the cooling rate considered.

27
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u
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Time (s)
Figure 6.6 Experimental solution temperature at different refrigerant temperatures.
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Figure 6.6 shows the recorded temperature as a function of time and for different 

temperature of the refrigerant in the ring thermostat. The corresponding cooling rates are 

given in Figure 6.7 as a function of temperature. Each data point in the two figures is an 

average of three measurements.
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Figure 6.7 Experimental cooling rates at different refrigerant temperatures.

As mentioned above these are local measurements taken at a specific point in the 

plate and not representative of the whole system. In order to gain information on temperature 

and cooling rate profile in different points of the plate, a simple mathematical model 

describing the heat transfer in the system was developed.

The model is based on the following assumptions:

W* The system is thermally isolated at the top and bottom.

The heat transfer resistance through the metal wall of the thermostated ring and 

the boundary layer at the wall/coohng fluid is neghgible, and the temperature 

of the liquid at the wall interface is equal to the set point temperature of the 

heater-cooler.

Natural convection due to temperature gradient in the system is neghgible.

According to these assumptions the component of the temperature gradient in the 

vertical direction is nil.

The enthalpy balance in cylindrical coordinates thus reads as:
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dT 1 d ( dT
(6.2)

Where p is the density, Cp the specific heat and Kthe conductivity of water. Initial and 

boundary conditions are as follow:

Vr,r = 0 ^ T  = Tq 
\ f t , r = R ^ T  =T

\ft, r = 0 => —  = 0 
dr

Values of physical and transport properties of water are given in Table 6,2, 

Table 6.2 Values of physical and transport properties of water.

(6,3)

Property Numerical value Units

P 1000 Kg m'̂

4 4.18 J  g -' K ‘
K 0.63 10-3 W m ‘ K‘

It is possible to make Equation 6,2 dimensionless by defining:

i  (6-4)

With the thermal diffusivity a  defined as:

K
(6.5)

On substitution of the variables defined in Equations 6,4 and 6.5 into Equation 6.2, the 

following dimensionless equations is derived:

dû  1 d ( d û \

Inherent dimensionless initial and boundary conditions are:

V%,T = 0 =>?) = !
VT,% =1=>I? = 0

dX
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The enthalpy balance over the plate, Equations 6.2 and 6.6, was solved using a finite 

element discretisation of the integration domain, implemented in FEMLAB (Comsol, 

Sweden). The results of the simulations were compared to the experimental results presented 

in Figure 6.6.

A comparison of calculated and measured values of temperature is made in the parity 

plot of Figure 6.8, where it can be observed that the model give a reasonable approximation of 

the experimental results, and can therefore be used for the description of cooling rate profiles 

over the whole volume of the plate (see Figure 6.9).

26
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0 Tc=15°C 
-  Tc=18°C25

U

24

^ 23u

2
a.
Ba
H

20

2019 24 25 26

Temperature, experimental (°C)

Figure 6.8 Comparison of calculated and measured solution temperatures.

It is worth noting that the enthalpy balance represented by Equation 6.2 does not 

account for transient of temperature in the thermostated annular jacket, which results from 

changing the temperature of the cooling water inside the jacket at the beginning of each 

experiment. The model can only predict temperature and cooling rate profiles in the plate 

when the temperature in the annular jacket has reached a constant value. In addition, because 

the heat flux at the top and the bottom of the plate is assumed to be negligible, model 

predictions are not reliable when the cooling temperature is much lower than the ambient 

temperature. For those situations, a three dimensional model, including the effects of vertical 

temperature gradients, should be considered.
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With the considerations above, different experiments were performed for measuring the 

maximum undercooling achievable in the non-agitated system of potash alum-water by 

varying the cooling rate of the system. The experimental evidence shows that the 

supersaturation for a non-agitated system can be considered independent on cooling rate.

The maximum undercooling width obtained for the analysed system is greater than 

10°C, which is more than twice the value reported by Mullin and Jancic (1979) and Pamphn 

(1980) for the same agitated potash alum-water system.

The result obtained proves that it is possible to achieve high degree of supersaturation 

without crystallization occurring. This condition results particularly favourable for the system 

in exam, because allows an easy measurement of agglomeration forces depending on 

supersaturation.
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Figure 6.9 C a lcu la ted  co o lin g  ra te s  in the cry’s ta l g ro w th  cell.

6.3. Review

The micro-force balance used for measuring agglomerative forces was calibrated using 

bodies of known weight in an adapted configuration of the microscope stage illustrated in 

Chapter 3. Three aluminium blades of different thickness will be used for force 

measurements, with limits of force detectability of 66 and 343 pN respectively.
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Temperature control in the crystal growth cell is ensured by two heaters-coolers 

providing a heat exchanger annularly positioned around the cell with continuous flow of 

water at controlled temperature. The system allows control of temperature (continuously 

monitored by a thermocouple) and cooling rate of the solution in the crystal growth cell, thus 

providing a means to ensure conditions of maximum metastable zone width favourable to the 

agglomeration experiments.

6.4. List of symbols

Symbol

F

K

r

R

t

T

X

Description

Specific heat 

Force

Spring constant 

Radial coordinate 

radius 

time

Temperature

Displacement

Units

Jkg- 'K '
N

Nm^

m

m

s

K

m

Greek symbol Description

OL Thermal diffusivity

X Radial coordinate

K" Thermal conductivity

p Density

6 Temperature

T Time

Units

mV^

dimensionless 

W m^ K‘̂  

kgm'^ 

dimensionless 

dimensionless

Subscripts

0
C

Description

Initial

Cooling medium
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Acronyms Description

LVDT Linear variable displacement transducer
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Chapter 7 

EXPERIMENTAL PROCEDURE

The procurement of micro-force data for crystal agglomerates (i.e. Objective II of the 

project) using the experimental apparatus developed in this project as detailed in Chapter 3 

requires the definition of an experimental protocol to be followed for the attainment of 

reliable and reproducible measurements. The protocol presented in this chapter gives 

indications on the procedures followed during each experimental run for routine operations 

of:

W Solution preparation, i.e. how mother solutions to be used for the preparation of 

crystals and for agglomeration experiments were formulated;

W Crystal preparation, i.e. how organic and inorganic crystals of suitable size and

shape were prepared from mother solutions;

W Crystal selection, i.e. how crystals prepared from mother solutions were

selected for agglomeration-rupture experiments ;

W Crystal orientation, i.e. how selected crystals were oriented during the

experiments to enable measurements of agglomerative forces between different 

types of crystal faces;

léi Crystal agglomeration, i.e. how the agglomeration of two selected crystal was

performed;

Wi Agglomerate breakage, i.e. how the obtained agglomerate was disrupted;

W Force measurement, i.e. how the force required to disrupt the agglomerate was

measured;

Ijl Contact area characterisation, i.e. how the area and morphology of the contact

surface between two agglomerated crystals were characterised once the 

agglomerate was dismpted.
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7.1. Crystal and solution preparation

The agglomeration experiments required a preliminary phase of crystal preparation for 

obtairting of crystals within a selected size range (50-100 pim) and with regular, easily 

recognisable and flat faces. The minimum size of crystals to be used in the experiments is 

dictated by the practical feasibility of routine operations (e.g. recognising the crystal faces, 

picking crystals by gluing them on the tip of a pipette, placing the selected crystal faces in 

contact).

Both organic (succinic acid) and inorganic (potash alum) crystals were prepared by 

precipitation from solutions. For both types of crystals, the mother solution was a solution 

saturated at 25°C. The solubility data for potash alum and succinic acid in water are reported 

in Appendix A (Mullin, 1997). The solution was then poured into a baker with a lid and a 

magnetic stirrer and kept agitated on an electric heater at temperature higher than 25®C to 

ensure the dissolution of the solute. The lid was used to minimise the evaporation of the 

solvent, thus avoiding the formation of a more concentrated solution. The mother solution 

was kept in these conditions for a maximum of two days, and used (i) to prepare crystals 

suitable for the experiments, and (ii) as a solution in the agglomeration experiments.

For the preparation of crystals, small volumes of the mother solution (3ml) were drawn 

into the crystal growth cell. As detailed in Chapter 6 (see Section 6.2) this unstirred cell is 

equipped with a thermostatic aimular rig to control the cell temperature. During crystal 

preparation, this was set to 20°C. The solution was kept under these conditions for 10 hours to 

allow crystals to grow. The time required for crystals to growth to the desired size slightly 

varied depending on the ambient temperature.

The growth phase was followed by a visual selection of the crystals based on their size 

and shape. The selected crystals were manually picked up using tweezers. Each crystal was 

immediately dried by using blotting paper to avoid any unwanted further crystallization and 

agglomeration.

7.2. Agglomeration and rupture experiments

For each experiment a pair of crystals, prepared according to the procedure described in 

the previous section, are selected on the basis of the regularity and flatness of their faces using 

the interferometiic method (see Section 4.2.1).
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An example of crystal selected for agglomerate rupture experiments is given in Figure

7.1, where in a picture taken using the interferometric method, the interference fringes can be 

observed proving the flatness of the surface at the beginning o f the experiment.

The selected crystals are glued onto two micropipettes using the special tool described 

in Chapter 3 (see Figure 3.7), and then fixed on the manipulator with their tips converging 

(Figure 3.9).

The crystals are positioned inside the empty growth cell. They are brought into contact 

by manually operating the manipulator B (see Figure 3.9). Crystal contact is ensured by a 

small movement of the linear variable displacement transducer (LVDT) L (of the order of the 

instrument sensitivity) respect to the equilibrium point. Crystals are then separated by a fixed 

distance (10 pm) read on the LVDT I display bringing back the manipulator B. All these and 

the following operations can be followed on the computer screen through the camera 

connected to the microscope.

3 ml of mother solution, prepared according to the procedure described in the previous 

section, are poured into the crystal growth cell. The crystals are again placed in contact by 

imparting to LVDT I a controlled movement (10 pm) through the piezo-adjuster. This 

procedure is designed to ensure the presence of a film of solution between agglomerating 

crystals.

Figure 7.1 F rin ges o f  in terference on a  (100) fa c e  o f  a  p o ta s h  alum  crysta l.

The temperature of the mother solution is a couple of degrees higher than the saturation 

temperature to minimize nucléation during the addition of solution into the cell. This may 

result in a partial dissolution cf the crystals in solution. However, the nucléation effect was 

never so important to be visually detected under the microscope.
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Once the crystals are in contact, the temperature of the system is decreased below the 

saturation temperatme allowing the system to reach different controlled degrees of 

supersaturation (see Section 6,2). The crystals are then left to agglomerate in the solution at 

the desired conditions with contact times in the range 10-45 min.

Since the crystal growth cell is not stirred, the transient of temperature results in a 

temperature gradient inside the ceU. Typical temperature profiles measured inside the cell are 

plotted in Figure 6.6. As can be observed in this figure, the transient of temperature (about 5 

min) is shorter than the duration of the experiment (10-45 minutes), allowing the assumption 

of a uniform supersaturation level during the experiments.

After the fixed period of time during which the agglomerate forms, the agglomerate is 

broken by imparting a controlled separating movement to the LVDT I through the piezo

adjuster. The relative crystals displacement is evaluated by comparing the two LVDT’s 

displacements.

Figure 7.2, which represents the displacement recorded by the LVDTs as a function of 

time, shows a typical plot of the movement of the two LVDTs during the rupture. Line oa  in 

Figure 7.2, represents the displacement of the LVDT I due to the movement imposed to the 

micromanipulator B (see the arrow on the right hand side in Figure 3.11). This movement 

drags the whole agglomerate in the same direction and consequently causes the flexion of the 

blade H (see the arrow in the middle of Figure 3.11). Line op in Figure 7.2 represents the 

displacement of the blade detected by LVDT L before rupture of agglomerate occurs.
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Figure 7.2 LVDT displacement during the rupture of an agglomerate.
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When Üie agglomerate breaks the spring tends to return in the equilibrium position. 

This behaviour is described by line Py Figure 7.2. The maximum flexion of the blade 

before rupture, which characterises the adhesion force, is evidently recognisable as point P in 

Figure 7.2.

The intra-particle force in the agglomerate is measured as the force required to break 

the agglomerate, calculated as:

F ^ K x  (7.1)

Where x is the displacement of the blade measured by the LVDT at the breaking point

p.
During the experiments sequences of agglomeration and rupture were captured in order 

to follow the evolution of the agglomerate growth (Figure 7.3) and the following rupture 

(Figure 7.4).

(a) (b)

Figure 13 Agglomerate formation: (a) soon after pouring the solution; (b) after 45 minutes.

Figure 7.4 Agglomerate rupture sequence.
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7.3. Estimation of the contact surface area

The area of the contact surface between two agglomerating crystals was estimated by 

image analysis of crystal faces observed under the microscope after an agglomeration/rupture 

experiment.

Photographs of a (100) potash alum face taken before and after an 

agglomeration/rupture experiment are reproduced in Figure 7.5 (a) and (b), respectively.

(a) (b)

Figure 7.5 (100) Potash alum face (a) before and (b) after the agglomeration.

The area of contact between the two crystals is readily individuated from the 

comparison of the two pictures: at the beginning of the experiment (Figure 7.5 (a)) the whole 

surface of the crystal face appears to be flat, but after the rupture of the agglomerate (Figure 

7.5 (b)), an evident concavity appears in the central part of the face. This is considered to be 

the contact area and can be measured by image analysis.

7.4. Challenges of the experimental methods

The experimental methodology described in this chapter presents some challenges 

related to practical difficulties of handling small crystals.

In particular, gluing a crystal of a few hundred microns in size on the tip of a glass 

pipette is a rather tricky task, requiring patience and precision. The effectiveness of the 

operation cannot be assessed properly, and in many cases crystals appearing regularly glued
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detached from the micropipette when pulled by the piezo adjuster dining the rupture phase of 

the experiments. Under these circumstances the experimental run was obviously aborted.

In addition, in the case of organic substances (including succinic acid) most of the 

crystals obtained by precipitation from solution were not regular enough to be employed in 

the experiments, and the obtainment of suitable crystals required rather long time.

7.5. Review

The experimental protocol followed during the experiment can be summarised as 

follows:

id  Organic and inorganic crystals were prepared by precipitation from aqueous

solutions saturated at 25°C with sizes in the range 50-100 pm. This size range 

is dictated by the practical feasibility of routine operations during the 

experiments.

id  Crystals to be used in agglomeration/rupture experiments were selected using

the interferometric method on the basis of the regularity of their surfaces.

L# Different crystal faces can be selected at this stage.

id  Selected crystals are glued to micropipettes and fixed to the manipulators so

that they can be mounted on the microscope stage with parallel opposing faces.

y i Agglomeration occurs into a crystal growth cell with controlled conditions of

temperature, supersaturation level, agitation and contact time.

jJ Once the time allowed for agglomeration is over, a movement imparted by the

piezo adjuster and controlled by the LVDT disrupts the agglomerate.

y i The force required to disrupt the agglomerate is measured by a micro-force

balance (MFB). The rupture force is assimilated to the agglomerative force.

id  The contact surface area is estimated by image analysis.

7.6. List o f symbols

Symbol Description Units

F  Force N

K  Spring constant N m^

% Displacement m
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Acronyms Description

LVDT linear variable differential transducer

MFB Micro-force balance

7.7. References 
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Chapter 8

M ic r o -m e c h a n ic s  o f  P o tash  Al u m  A g g lo m er a tes

During industrial crystallization, nucléation and crystal growth are the primary particle 

formation processes but secondary processes, including particle breakage, abnormal growth 

and agglomeration, can also occur and have a determining effect on product quality (Jones, 

2002). In particular, these secondary processes can have a dominant effect on product size 

distribution, especially during precipitation. Of key importance is aggregate bond strength 

both during formation and subsequently in comparison to the imposed forces due to turbulent 

motion, which contribute to agglomeration and crystal breakage.

Both crystal aggregation and agglomerate disruption depend on solution 

supersaturation. Crystal agglomerates appear to become more difficult to disrupt at high 

supersaturation (Wojcik and Jones, 1998, Hartel et aL, 1986, Hartel and Randolph, 1986). The 

inference is that the strength of the crystal agglomerates appears to be a function of 

supersaturation. One of the aims of this project is to provide a fundamental validation of this 

suggestion.

To investigate the effect of supersaturation and other factors (e.g. contact time, type of 

crystal, crystal faces) on agglomerate adhesion force, a novel experimental apparatus, 

consisting of a specifically designed cell equipped with a micro force balance, has been 

developed as fully detailed in Chapter 3.

This chapter presents and discusses the results of an experimental study on micro- 

mechanics of agglomeration in a potash alum -  water system, and illustrates the effect of 

factors such as supersaturation, contact time and type of faces in contact on agglomerative 

strength. The experimental results are then used in Chapter 11 to formulate a hypothesis on 

the mechanisms of agglomeration in crystallization processes.
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8.1. Experimental conditions

The experimental set-up developed in Chapter 3 was employed to evaluate the 

agglomerative strength of potash alum crystals and the effects of different conditions of 

agglomeration. To this end four sets of experiments were performed under different operating 

conditions. The first set of experiments was aimed at assessing the reproducibility and 

reliability of the measurements, while the objectives of the other experiments were to evaluate 

the effect of contact time, supersaturation and crystal faces in contact on agglomerative 

strength (i.e. the force needed to disrupt the agglomerate per unit of contact area).

The experiments were performed using aqueous solutions of potash alum saturated at 

25^C (see Appendix A). Potash alum was selected as crystal model to investigate the 

agglomerative strength in inorganic crystal systems for the properties already discussed in 

Chapter 5 (see Section 5.2).

In order to assess the reliability and reproducibility of the force measurements obtained 

using the experimental set-up developed in this study, a first set of experiments was 

performed keeping contact time and supersaturation constant, and measuring the 

agglomerative strength in agglomerates formed through contact of (111) faces only. 

Measurement reproducibility and reliability was tested at two contact times (20 and 45 min). 

The operating conditions of this set of experiments are listed in Table 8.1

Table 8.1. Experimental conditions of experiments performed to assess 
measurement reliability and reproducibility.

Experimental conditions
Saturation temperature 25 °C
Contact time 20 and 45  min
Dimensionless Supersaturation 0.12
Faces in contact (111) only
Spring constant 343  N/m

The effect of contact time, supersaturation and crystal faces in contact on 

agglomerative strength was evaluated by performing three sets of experiments under different 

operating conditions:

Contact time: the influence of the contact time on agglomeration phenomena was 

studied in experiments on (111) faces with constant supersaturation and varying contact time. 

The operating conditions of this set of experiments are listed in Table 8.2.
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Table 8.2 Experimental conditions of experiments performed to assess 
the effect of contact time on agglomerative strength.

Experimental conditions
Saturation temperature 25
Contact time 10-45 min
Dimensionless Supersaturation 0.12
Faces in contact (111)
Spring constant_______________________  343  N/m_________________

Solution supersaturation: The specific objective of this set of experiments is to make a 

fundamental validation of the suggestion of different authors that crystal agglomerates 

become more difficult to dismpt at high supersaturation (Wojcik and Jones, 1998). This goal 

is achieved by performing experiments on (111) faces at constant contact time and varying 

solution supersaturation. The experimental results are then compared in Chapter 10 to data 

from mixed-suspension, mixed-product removal (MSMPR) crystallizers. The operating 

conditions of this set of experiments are listed in Table 8.3.

Table 83. Experimental conditions of experiments performed to assess 
the effect of supersaturation on agglomerative strength.

Experimental conditions
Saturation temperature 25 °C
Contact time 45  min
Dimensionless Supersaturation 0.08-0.19
Faces in contact (111) only
Spring constant________________________343  N/m

Faces in contact, the effect of faces in contact on agglomeration was studied in 

experiments performed using different faces in contact at constant supersaturation and contact 

time. The operating conditions of this set of experiments are listed in Table 8.4.

Table 8.4. Experimental conditions of experiments performed to 
measure the agglomerative strength of different pairs of crystal faces in 
contact.

Experimental conditions_____________ ________________________
Saturation temperature 25 °C
Contact time 20 min
Dimensionless Supersaturation 0.12
Faces in contact (111), (110), (100)
Spring constant________________________343  N/m _________
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8.2. Measurement reproducibility and reliability

In all experiments reported in this work, control of the contact area between the 

agglomerating crystals was not possible. The surface area of the region of contact varied 

considerably from one experiment to the other, making impossible to characterize each 

experiment with the agglomerate adhesion force, which varied with the contact area and could 

not be related to the experimental conditions (e.g. contact time or supersaturation).

The dependence of agglomerate adhesion force on contact area was assessed by 

disrupting agglomerates formed through contact of pairs of (111) faces at constant 

supersaturation (s = 0.1, corresponding to 3.6 degrees of undercooling) and contact time. The 

e^eriments were repeated for contact times of 20 and 45 min.

Results of these experiments are represented in Figures 8.1 (a) and (b), which show the 

force needed to disrupt the agglomerates as a function of the contact area measured by image 

analysis, for contact times of 20 min and 45 min respectively.

In both cases, the force increases with increasing contact area with a linear trend. It can 

be concluded from these results that the agglomerative adhesion force is proportional to the 

contact area estimated using the image analysis technique. It is worth noting that this 

conclusion is not straightforward, as the effective contact area is not contained in the plane of 

the picture taken by the microscope and elaborated by the image analysis software as 

highhghted using the ESEM and conoscopic technique (see Chapter 4). As a consequence, the 

effective contact area is larger than the measured contact area, and cannot be precisely 

determined with the set-up used in this work.

However, due to the linear relationship with the agglomeration force shown in Figure

8.1, the measured contact area can be used to define the agglomerative strength, characteristic 

of each experiment performed at different conditions, as the agglomerate adhesion force per 

unit of contact area:

t  = J  (8.1)

Since the effective contact area is larger than the contact area measured by image 

analysis, the agglomerative strength calculated from micro-force and contact area 

measurements is an overestimation of the actual value.

The lines plotted in Figure 8.1, are the best linear fit of the experimental data. Their 

slopes represent the agglomerative strength defined by Equation 8.1 for agglomerates formed 

in 20 min (Figure 8.1 (a)) and 45 min (Figure 8.1 (b)) of contact. Both lines have a high

124



Part C -  Results, discussion and conclusions 8. Experiments on potash alum

correlation factor (r^=0.93 and r^=0.98 in Figure 8.1 (a) and 8.1 (b) respectively), confirming 

that the estimation of agglomerative strength through Equation 8.1 is rehable.
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Figure 8.1 Dependence o f agglomerative force on contact area for contact time o f (a) 20 minutes, 
and (b) 45 minutes.
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The mean value of agglomerative strength for experiments represented in Figure 8,1 (a) 

(contact time of 20 min) resulted to be 2.11 x 10"* N/m^, with a standard deviation of 2.92 x 

10̂  N/m^ (corresponding to a standard error of 13%). The mean value of agglomerative 

strength for experiments represented in Figure 8.1 (b) (contact time of 45 min) resulted to be 

2.14 X 10* N/m^, with a standard deviation of 3.53 x 10̂  N/m^ (corresponding to a standard 

error of 17%). These results can be considered as a quantification of the reliability and 

reproducibility of force measurements obtained with the experimental set-up developed in this 

study.

The values of force per contact area obtained are specific for the analysed system of 

potash alum crystal in water and they represent therefore reference values for this system.

8.3. Effect of contact time on agglomerative strength

The effect of contact time on agglomerative strength as defined by Equation 8.1 was 

assessed in experiments on pairs of (111) faces at constant supersaturation (s = 0.1, 

corresponding to 3.6 degrees of undercooling for a solution of potash alum in water saturated 

at 25 °C) and varying contact time (10,15, 20 and 45 min). The results of these experiments 

are reported in Table 8.5.

Table 8.5. Summary of experimental results collected for the evaluation of the 
effect of contact time on agglomerative strength.

Contact time (min) Contact area x 10® (m®) Force x 10® (N)

10 2.33 0.44

15 9.91 1.04

7.11 1.37
5.42 0.89

20 11.25 2.34
7.87 1.71
2.90 0.67
10.19 2.53

30.79 7.10
37.31 8.66

45 8.66 1.33
15.46 3.74
22.14 4.69
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The influence of contact time on the micro-mechanics of crystal agglomeration is 

represented in Figure 8.2, where the average values of agglomerative strength, calculated 

through Equation 8,1 using the data listed in Table 8.5, are plotted as a fimction of contact 

time. It can be observed in this figure that there is not any appreciable effect of contact time 

on agglomerative strength for contact times longer than 20 min. This may be due to 

nucléation and growth of small crystals in solution, visually observed during experiments at 

45 min of contact time, which contributed to decrease the solution supersaturation and 

availability of solute molecules for crystal agglomeration. The mean value of agglomerative 

strength for all experiments at 20 and 45 min of contact time is 2.1 x 10̂  N/m^, with a 

standard deviation of 3.0 x ICf N/m^ (corresponding to a standard error of 14%), which 

further confirms the reliabihty and reproducibility of the measurements performed in this 

study.

As can be observed in Figure 8.2, the agglomerative strength appears to increase with 

contact time increasing from 10 to 20 min.

4.0

ID£
S
o> 2.0 ■

0.0
3010 15 20 25 35 40 450 5 50

Contact time (min)

Figure 8.2 Influence o f contact time on agglomerative strength. Error bars represent 
standard errors of measurements.

Formation and growth of crystals were not detected in the solution during experiments 

at residence times shorter than 45 minutes (i.e. 10, 15 and 20 min), and it is assumed that in 

those conditions the solution supersaturation was constant throughout the experiments. The
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uncertainty on the estimation of agglomerative strength at 10 and 15 min of contact time is 

larger than at 20 and 45 min, as a single measurement was taken in the former case, whereas 

several experiments were successfully performed in the other cases (see Table 8.5). This is 

due to an inherent limitation of the set-up used during these experiments, which was not able 

to detect forces below 300 pN (see Table 6.1). Despite several trials were attempted, only one 

aggregate formed after 10 min cf contact time required a force to be disrupted sufficiently 

high to be detected, aU the others being too weak to appreciably flex the measuring blade. 

This limitation was overcome in a later stage of the project, when blades with lower spring 

constant became available.

8.4. Effect of supersaturation on agglomerative strength

The effect of supersaturation on agglomerative strength as defined by Equation 8.1 was 

assessed in experiments on pairs of (111) faces at constant contact time (45 min) and 

supersaturation varying in the range 0.09-0.22. Solutions at different degrees of 

supersaturation were obtained by cooling a solution saturated at 25°C, corresponding to a 

saturation concentration of 65.7 ghydrate/kgsoiution (see Appendix A). The results of these 

experiments are reported in Table 8.6.

Table 8.6. Summary of experimental data collected for the evaluation of effect of 
supersaturation on agglomerative strength.

A T

CC)
Cs

(Shydrate/Kgsolution )

AC

(Shydrate/KQsolution)

S
A C /C s

Contact area  
X 10® (m^)

Agglomerative 
force  X 10® (N)

2.7 60.0 5.6 0.094 14.81 2.39
2.9 59.6 6.1 0.101 36.21 4.53
3.4 58.6 7.1 0.121 37.31 8.66
3.6 58.2 7.5 0.128 16.35 7.26
3.8 57.8 7.9 0.136 30.79 7.10
3.9 57.6 8.1 0.140 9.50 8.87
4.4 56.6 9.1 0.160 12.50 6.51
5.1 55.2 10.5 0.189 32.28 27.75
5.7 54.1 11.6 0.215 20.46 18.84
5.9 53.7 12.0 0.224 12.76 17.54

The agglomeration force per unit of contact area measured in the set of experiments 

performed at varying degrees of solution supersaturation is plotted in Figure 8.3 as a function 

of the dimensionless supersaturation level, calculated as:
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= — = - - 1  (8.2)c c c.

As can be observed in Figine 8.3, the agglomerative strength increases with increasing 

supersatmation level. The results presented in this figure constitute a fundamental validation 

of the evidence shown by different authors that crystal agglomerates both aggregate faster and 

are more difficult to disrupt at high supersaturation. Wojcik and Jones (1997) observed that 

the kernel function (see definition in Equation 2.27) for aggregation of calcium carbonate 

crystals in continuous MSMPR precipitation slightly increases with increasing crystal growth 

rate (i.e. with increasing supersaturation), whilst the kernel function for disruption (see 

definition in Equation 2.28) strongly decreases with increasing crystal growth rate (i.e. 

aggregates are less fragile at high supersaturation). A similar behaviour is reported by Hartel 

et a l (1986) for aggregation of calcium oxalate crystals in a Couette-flow aggregator. 

Referring to these earlier experiments, Hartel and Randoph (1986) noted that the 

experimentally observed decrease in the disruption kernel function shows how the strength of 

the bond between the particles become stronger as the concentration of the solution increases.

0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24
Dimensionless supersaturation

Figure S3 Agglomerative strength as a function o f dimensionless supersaturation.
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Figure 8.4 P h o tograph s o f  (100) p o ta sh  alum  fa c e  taken (a) before (with in terference  
fringes), a n d  (b) a fter an agg lom era tion /ru p tu re  experim ent.

Figure 8.5 P h o tograph s o f  (110) p o ta sh  alum  fa c e  taken (a) before  (w ith in terference  
fringes), a n d  (b) a fter an agg lom era tion /ru p tu re  experim ent.

Figure 8.6 P h o tograph s o f  (111) p o ta sh  alum  fa c e  taken  (a) before (w ith in terference  
fringes), a n d  (b) a fter an agg lom era tion /ru p tu re  experim ent.
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8.5. Agglomerative strength of different pairs of crystal faces in contact

The agglomeration behaviour of different crystal faces was investigated in e^eriments 

with contact time of 20 minutes, and for constant supersaturation level (s = 0.128, 

corresponding to a solution imdercoohng temperature of 3,6 °C).

These experiments were performed using different combinations of (100), (110) and 

(111) faces. Picture of these faces taken before and after the experiments are respectively 

reported in Figures 8.4, 8.5, 8.6.

Results of these experiments are summarized in Table 8.7, which illustrates the 

agglomeration behaviour of different pairs of crystals in contact.

Data obtained for pairs of homologue crystal faces (i.e. pairs ( l l l ) - ( l l l ) ,  (IIO)-(IIO) 

and (100)-(100)) are the results of three measurements, while those for ‘hybrid’ pairs of 

crystal faces (i.e. pairs (lll)-(llO ), (Ill)-(IOO) and (IIO)-(IOO)) were obtained from single 

measurements.

Table 8.7 Summary of experimental data collected for the evaluation of effect of crystal faces 
in contact on agglomerative strength.

Pair o f fa ces  in 
contact

Contact area x  10® (m®)
Agglomerative fo rce  x  10® 

(N)
7.11 1.37
5.42 0.89
11.25 2.34

(lll)-(lll) 7.87 1.71
2.90 0 .67
10.19 2.53

(lll)-(llO) 1.20 0.58

9.17 2.96
(Ill)-(IOO) 11.12 9.44

(IIO)-(IIO) 14.71 7.85
7.52 4.94

(lOO)-(llO) 9.73 6.70

7.99 5.40
(lOO)-(lOO) 2.11 1.54

6.70 5.03

Data listed in Table 8.8 point out that pairs of (100) faces form the strongest 

agglomerates, with an estimated agglomerative strength of 7.2 x lO* N m'̂  slightly higher

131



Part C -  Results, discussion and conclusions 8. Experiments on potash alum

than that of pairs of (110) faces (5.95 x 10* N m’̂ ), while pairs of (111) faces result in the 

weakest agglomerates (2.1 x 10'* N m' )̂. Hybrid pairs of faces in contact form agglomerates 

with agglomerative strength between those of pairs of homologue mother crystals. In 

particular, contact of (111) and (110) faces results in an intermediate strength (4.8 x 10* N m 

)̂ between those of pairs ( l l l ) - ( l l l )  (2.1 x 10'* N m^) and (IIO)-(IIO) (5.8 x 10'* N m^)).

Table 8.8. Behaviour of different pairs of crystal faces in contact during 
agglomeration experiments.

Pair of faces in Agglomerative strength x 10'^ (N/m^)
contact Average Standard deviation

(lll)-( lll) 2.1 0.29

(lll)-(llO) 4.9 n. s.

(Ill)-(IOO) 5.9 3.72

(IIO)-(IIO) 6.0 2.05

(lOO)-(llO) 6.9 n. s.

(lOO)-(lOO) 7.2 0.38

8.6. Agglomerate stretch

When subject to tensile stresses imposed by the piezo-adjuster movement during the 

phase of dynamic separation in the experimental set-up used in this work, the agglomerate 

bonds may stretch before the agglomerate rupture. This stretch can be evaluated as the 

relative displacement of the two linear variable displacement transducers (LVDTs) connected 

to the agglomerated crystals.

A typical plot of these displacements is given in Figure 8.7 for an experiment on a pair 

of (110) potash alum faces in contact for 20 min at 0.128 supersaturation. As mentioned in 

Chapter 7, these plots are used to estimate the maximum flexion of the micro-force balance 

corresponding to the force needed to disrupt the agglomerate. As can be observed in Figure

8.7, the same plot gives also information on the relative displacement of the two crystals 

during the dynamic separation of the agglomerate which results in its rupture.

To visualise the effect on the agglomerate stretch of the tensile stress applied by the 

piezo-adjuster movement to the agglomerate, the difference of corresponding instantaneous 

LVDT readings in the experiment of Figure 8.7 are plotted in Figure 8.8 as a function of the
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Figure 8.7 LVDT displacement during agglomerate rupture.

rupture stress applied to the agglomerate during the phase of dynamic separation of the 

agglomerate. The mpture stress is calculated as the instantaneous tensile force (i.e. the 

product of the spring constant and the blade displacement recorded by the LVDT as shown in 

Figure 8.7) per unit of contact area, independently estimated in each experiment.

The scatter of data in Figure 8.8 is due to the precision of the LVDT (1 pm), which is 

small compared to the maximum displacement of the blade used to estimate force, but of the 

same order of magnitude of the agglomerate stretch. In experiments where the contact area, 

the agglomeration force and, therefore, agglomerate stretch were particularly small, the 

stretch estimation was made impossible by the error of the measuring device. As a 

consequence of these limitations of the experimental set-up, the results on agglomerate stretch 

cannot be considered as reliable as the micro-force data.

Although scattered, data in Figure 8.8 seem to indicate a rather clear increasing trend 

for the dependence of agglomerate stretch on tensile stress. In order to enable a comparison of 

the behaviour of agglomerates obtained under different experimental conditions, sets of data 

as those plotted in Figure 8.8 were linearly fitted. The slope of the best fitting line passing 

through zero was taken as representative of the ‘stretchabüity’ of the agglomerate: the larger 

is the slope, the higher is stretch corresponding to a given applied stress.

Based on this parameter, the behaviours of agglomerates obtained by contacting 

different pairs of faces at constant supersaturation (s = 0.128) and contact time (20 min) are 

compared in Table 8.9. As expected the uncertainty of the comparison is high, as confirmed
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Rupture stress x 10*̂  (N/m^)

Figure 8.8 Stretch o f a crystal agglomerate subject to rupture stress.

by the high values of standard deviations, making any discussion of the data rather 

speculative. However, it can be noted in Table 8,9 that the type of faces in contact seems to 

have an effect on the behaviour of the agglomerates when subject to tensile stresses, with the 

agglomerates formed on contact of (111) faces and (110) being respectively the less and the 

most resistant to stretch. On the basis of the data reported in Table 8.9 this behaviour cannot 

be related to the agglomerative strength of agglomerates formed on contact of different pairs 

of faces, which is maximum for the pairs of (100) faces (see Table 8.8).

Table 8.9. Stretch behaviour of agglomerates formed by contacting different pairs of faces.

Faces in contact
Agglomerative Stretch to stress ratio mm /̂mN

strength 
X 10-^ (N/m^) Average Standard deviation

(lll)-( lll) 2.1 122 37
(IIO)-(IIO) 6 32 14
(lOO)-(lOO) 7.2 85 48

8.7. Review

A novel experimental apparatus, consisting of a specially designed growth cell 

equipped with a micro force balance, has been developed to provide the dependence of 

agglomerate adhesion force on various parameters (e.g. supersaturation, contact time, type of 

crystal, crystal faces).

134



Part C -  Results, discussion and conclusions 8. Experiments on potash alum

Adhesion force in crystal agglomerates is measured as the force required to disrupt the 

agglomerates.

Measured forces linearly depend on contact areas. As a consequence each experiment 

can be characterised by introducing the definition of agglomerative strength, i.e. the adhesion 

force per unit contact area. Repeated experiments at constant supersaturation, contact time 

and using the same type of faces in contact proved that data on agglomerative strength 

produced with the equipment developed in this project are reproducible.

The agglomerative strength increases with contact time increasing in the range 10-20 

min, remaining constant for longer contact times. This is due to nucléation and crystallization 

phenomena occurring in the crystal growth cell at prolonged contact times, resulting in the 

precipitation of small crystals and reduction of solution supersaturation.

The agglomerative strength increases in the range 19 x 10̂  N/m^ with increasing 

supersaturation. This fundamental evidence supports experimental findings that crystal 

agglomerates become more difficult to disrupt at high supersaturation.

The agglomerative strength strongly depends on the type of crystal faces in contact 

during agglomeration, being minimum for pairs of (111) faces and maximum for pairs of 

pairs of (100) faces. Hybrid pairs of faces, obtained by coupling different type of faces, 

present agglomerative strength intermediate between pairs of homologue mother faces.

8.8. List of symbols

Symbol Description Units

A Surface area m^

c concentration kgm^

F Force N

s supersaturation dimesnionless

Greek symbol Description Units

Oa Agglomerative strength Nm ^

Subscript Description

s saturation
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Acronyms Description

LVDT Linear variable displacement transducer

MSMPR Mixed-suspension mixed-product removal
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Chapter 9

M ic r o -m ec h a n ic s  o f  S u c c in ic  A cid  A g g l o m e r a t e s

In the chemical process industries, several organic materials are purified by sohd liquid 

separation. Many of them, in particular specialty chemicals such pharmaceuticals, 

agrochemicals and dyestuffs are crystallized from solutions. Crystallization is a key stage 

during manufacture and can affect the production and the final physical form and 

characteristics constituting the primary measure of product quality. In particular solution 

crystallization produces material with specific crystal shapes and size distributions, variables 

that have a substantial impact on downstream processing and product performance. The 

effects of crystal size and shape on sohds processes are far reaching. They influence the rate 

at which materials can be processed (such as ease of separation, rheology, caking, packing 

density, drying, and dissolution rate), as well as physical properties such as bulk density, 

mechanical strength and wettability.

As thoroughly discussed in Chapter 2, agglomeration during crystallization may affect 

crystal size and shape distributions. In this chapter the strength of organic crystal 

agglomerates formed under different conditions of supersaturation is measured using the 

experimental apparatus described in Chapter 3. The objective is the characterization of 

agglomerative strength in organic crystal systems and the comparison of their behavior to that 

of inorganic systems (such as potash alum, see Chapter 8).

9.1. Experimental conditions

The strength of succinic acid agglomerates was measured using the experimental set-up 

presented in Chapter 3, The behaviour of the succinic add -  water crystal -  solvent system is 

reviewed in Chapter 5.

The experimental conditions are summarized in Table 9.1. The experimental procedure 

is fuUy detailed in Chapter 7.
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Table 9.1 Experimental conditions for agglomeration\rupture experiments 
on succinic acid agglomerates.

Conditions
Contact time 45  min
Saturation temperature 25 °C
Dimensionless Supersaturation 0.15+0.29
Spring constant 186 N/m

Experiments were performed using (001) crystal faces only, since the shape of succinic 

add results to be mainly mono dimensional as shown in Figure 5,6 (MuUin and Whiting, 

1980; Brunsteiner and Price, 2001),

A photograph of a crystal before and after the experiment is reported in Figure 9,1,

From the comparison of the two pictures it is possible to recognize the area of contact 

between the two crystals: at the beginning (Figure 9,1a) the entire surface of the crystal 

appears to be almost flat, but after the rupture of the agglomerate (Figure 9,1b), only the 

surrounding part of the surface is flat while the central part of it is not. The latter can be 

considered to be the contact area, measured using an image analysis software.

The interferometric technique, successfully used for the assessment of potash alum 

surface flatness, resulted to be ineffective for experiments with succinic add. As emphasized 

in Figure 9,2, which shows a picture of succinic add (001) face taken under the microscope 

using the interferometric technique, only a few fringes of interference appear, to suggest that 

succinic add crystal faces are not suffidently flat and regular to form fringes of interference 

over the whole surface. As a consequence, the choice of the surface to be used for 

experiments was performed by visual observation under the microscope.
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(b)

Figure 9.1 (111) Succinic acid face (a) before and (h) after the agglomeration.

139



Part C -  Results, discussion and conclusions 9. Experiments on succinic acid

Figure 9.2 Succinic acid surface not showing interferometric fringes.

9.2. Effect of supersaturation on agglomerative strength

Four measurements of agglomerative strength were performed using succinic acid as 

organic crystal model. Two experiments were run at constant supersaturation level to assess 

the reproducibility of the measurements. The other experiments were performed at varying 

supersaturation level to assess the effect of supersaturation on agglomerative strength in 

organic crystal systems.

The results of these experiments are reported Table 9.2.

Table 9.2. Summary of experimental data measured for the evaluation of effect of 
supersaturation on agglomerative strength of succinic acid agglomerates.

A T  C O
Cs

(9solute/hgsolution)
AC

(Ssolute/kgsolution)
S

A C /C s

Contact 
area x  10® 

(m")

Agglomerative 
force X 10® 

(N)
3.4 68.4 10.1 0.148 27.1 1.96
3.4 68.4 10.1 0.148 34.2 2.60
5.5 62.8 15.7 0.251 12.3 1.90
6.2 61.0 17.5 0.287 5.9 2.06
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The influence of supersaturation on the micro-mechanics of succinic acid agglomerates 

is represented in Figure 9.3, where the agglomerative strength of succinic acid crystals is 

plotted as a function of supersaturation, and compared with data for potash alum.
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Ë
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♦ Succinic acid

0.05 0.1 0.15 0.2 0.25
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Figure 9.3 Effect o f supersaturation on agglomerative strength o f succinic acid and 
potash alum crystals.

The mean value of agglomerative strength measured at constant supersaturation (s = 

0.15) is 7.23 X 10̂  N/m^, with a standard deviation of 2.51 x 10̂  N/m^. This result confirms 

the good reproducibility of experiments already assessed for potash alum crystals.

As diown in Figure 9.3, the agglomerative strength between succinic acid crystals 

increases with increasing supersaturation level. This behaviour is similar to that observed for 

potash alum crystal systems.

As can be observed from the comparison of results obtained for succinic acid and 

potash alum made in Figure 9.3, for the same supersaturation level, agglomerative strength for 

the organic crystal is one order of magnitude lower than for the inorganic crystal. In addition, 

the effect of supersaturation is stronger in the latter case.
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9.3. Review

The micro mechanics of organic crystal agglomerates was investigated using the 

experimental set-up presented in Chapter 3. Succinic acid was used as organic crystal model.

The mean value of agglomerative strength measured at constant supersaturation (s = 

0.15) is 7.23 X 10̂  N/m^, with a standard deviation of 2.51 x 10̂  N/m^, which confirms the 

good reproducibility of the experiments, as already assessed for potash alum crystals.

The agglomerative strength for the succinic acid system increases in the range 0.7-3.5 x 

lO'̂  N/m^ with increasing supersaturation, with a similar behaviour to that observed for potash 

alum agglomerates However, the agglomerative strength for the organic crystal system is one 

order of magnitude lower than for the inorganic crystal system.
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Chapter 10

Co m pa r iso n  o f  Mic r o -fo r c e  Da t a  a n d  C r y st a l l iz e r  

D a ta

To explain the observed dependence of the aggregation and disruption kernel function 

on supersaturation it is often proposed that aggregation in supersaturated solutions is a two 

step process: first crystals must collide, they then must be cemented together (Hievsli and 

White, 1994; David et a l, 1991; Bramley et a l, 1997). At high supersaturation, particles 

become more ‘sticky’ so that when they collide they can cement more firmly together and 

become more difficult to disrupt. On the basis of this suggestion, data on crystal breakage 

collected in MPMPR crystallizer are used in this Chapter to evaluate the reliability of the 

results presented in Figure 8.3. This comparison constitutes an important term of reference, as 

no other direct measurements are available in the technical literature for a comparison with 

the experimental work of this project.

The agglomerate adhesion force is related to the size of fragments which can be broken 

away fi’om the crystals in an agitated suspension. The breakage of crystals is determined by 

two opposing factors, namely, the mechanical strength of crystals and the applied breaking 

forces. The mechanical strength of crystal is assimilated to the agglomerative strength 

measured in the experiments presented in Chapter 8 and 9, and depends on the considered 

crystal-solvent system and on supersaturation. The breaking force acting on crystals depends 

on physical and thermodynamic properties of the agitated solution, as discussed in the 

background section of this chapter.

10.1. Background

In agitated particulate systems motion of the crystals gives rise to collisions. Particles 

in contact may therefore stay aggregated, as in the field of colloid science. In the case of
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precipiation from solution, the further process of crystal intergrowth may occur leading to the 

formation of strong agglomerates. These processes can be enhanced by agitation, thus 

providing a way by which mixing conditions are important in precipitation. At high agitation 

level, however, disruption of large particles can also occur, tending to disperse the particles 

and limit the maximum attainable size. The final form of the agglomerates is then a result of 

the balance between these opposing rate processes (Jones, 1993).

Hartel e t a l  (1986) suggested that, at low mixing velocities, the flow causes a high 

number of collisions of nuclei. The nuclei then stick together and appear as larger particles. 

This classical case of aggregation results in a decrease in the number of small crystals and an 

increase in the number of large crystals. As the revolutions per minute increase, turbulent 

eddies appear and they have enough energy to disrupt some of the aggregates, especially the 

larger ones, causing the number of very large crystals to decrease. This increases the 

production of medium-size crystals and hence of the total number of crystals.

In this mechanism of combined aggregation and rupture, in order for aggregation to 

occur the flocculates must be cemented firmly together, and this can be favourite by 

increasing crystal growth between the flocculated crystallites. An increase in initial 
concentration in feed solution would decrease the amount of disruption and increase the 

aggregation. Consequently, there is an increase of the overall agglomerate dimension and a 

decrease of the overall number of crystals because of production of more stable particles in 

suspension (Wojcik and Jones, 1998).

Therefore, the degree of agglomeration is dependent on both initial solution 

supersaturation and mixing rate (Wojcik and Jones, 1998).

B

Concent ration

Figure 10.1 D ep en d en ce  o f  m ean  c ry s ta l s ize  on in le t con cen tra tion  a n d  n ix in g  rate, 

(R ]<  R 2 < Rs) (a d a p ted  fro m  W ojcik a n d  Jones, 1997).
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The combined action of the two factors, qualitatively shown in Figure 10.1, acts in a 

different way on the mean crystal size, depending on the concentration. At low concentration, 

rupture is predominant at high mixing velocities resulting in particle size decreasing with 

increasing tmbulence. For higher concentrations, the aggregation is faster then rupture, so a 

good mixing results in increased particle diameter.

Therefore, because of agglomeration increases particle size, neglecting agglomeration 

in the analysis leads to overestimation of crystal growth rates (Hostomsky and Jones, 1991).

A further confirmation of the existence of these phenomena is given by bimodality of 

PSD (particle size distribution). Bimodality of PSD has been observed from batch (Sohnel et 

a l, 1988; Wachi and Jones, 1997; Sohnel and MuUin., 1992) and continuous mixed- 

suspension, mixed-product-removal (MSMPR) crystallizer (Hostomsky and Jones, 1991; 

Beckman and Farmer, 1978; Tai and Chen, 1995; Wojcik and Jones, 1998). Such distributions 

may be caused either by a size-dependent or dispersed aggregation rate, or agglomerate 

disruption, i.e. attrition or breakage, or a combination of the two, but there is as yet no general 

agreement as to the mechanism (Wojcik and Jones, 1998).

Within an agitated suspension, the process of dispersion opposes that of aggregation. 

Thus, new small particles may form from existing ones, by turbulent break-up or disruption of 

aggregates, or by erosion, attrition or breakage of particles, tending to reduce particle size. 

The breakage process occurs in two distinct ways (Synowiec et a l, 1993): surface erosion of 

primary particles (attrition) and particle splitting (fragmentation).

Attrition refers to the process by which asperities and fines are removed fi-om the 

surfaces of parent particles such that there is only a gradual change in their size, while 

fragmentation is the process by which the parent particles are broken down into smaller 

entities of significant size, resulting in a rapid disappearance of the original particles.

Both phenomena, but particularly the second, are made easier by an irregular shape of 

the crystal, even more if the crystal originates from an agglomeration of different crystals 

(Fasoli and Conti, 1973).

If the energy put into the fluid by the impeller eventually leads to sufficiently energetic 

particle-particle collisions, abrasion of the particle will occur. It is therefore possible to trace 

the chain of events that leads to the transfer of energy of the impeller to an abrading particle 

(Fasoli and Conti, 1973, Nienow and Conti, 1978). This energy chain is described 

quantitatively in Figure 10.2

It can be considered that the energy passing from the impeller to the fluid can be treated 

in two parts. Part of the energy goes into fluid unassociated with the particles and here it is
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dissipated by turbolence. The reminder goes into the fluid associated with the particles. The 

energy in this fluid is transferred into the particles, maintaining its kinetic energy. Due to 

particle -particle impact, the kinetic energy of the particle can be dissipated itself both by 

elastic deformation and by abrasion, the latter giving rise to tiny abrasion fragments. In 

addition the particles are losing energy back to the fluid due to the drag.

Dissipotej
energy

Dissipated
energy^^

Breakage

Impeller power

Kinetic energy  
o f th e  p articles

Internal 
friction  o f the  

liquid

Friction between  
particles and liquid

Friction or elastic  
deform ation  

betw een particles

Figure 10.2 E n e r ^ ’ transfer chain  in a  m ech an ica lly  m ixed  v e sse l (a d a p ted  from  F aso li an d  

C onti, 1973).

Particle break-up is caused by two different mechanisms:

' W Collisional mechanical stresses, occuring as a result of collision between 

crystal-crystal, crystal-impeller or crystal vessel (Garside and Davey, 1980; 

Mazzarotta, 1992; Ottens and de Jong, 1973);

Turbulent fluid-mechanical stresses, occurring as a result of shear stresses, drag 

stresses and pressure (i.e. normal stresses) (Evans e t  a i ,  1974).

Eddies that are larger than the critical size would tend to entrain particles, thus causing 

little surface stress. Eddies that are smaller than the size of the particles, however, will tend to 

flow over the particles, providing particle shear, surface drag and pressure forces.

The total rate of fine particles generation in a stirred vessel can be expressed as the sum 

of the rate of generation by means of impact and the rate of generation by means of turbulent 

fluid forces. To determine the energetic contribution of a particular mechanism of particle 

break-up to the generation rate terms, the impact (Fid) pressure (EpJ drag (F f̂) and shear force 

(Fsh) have to be calculated as suggested by Synowiec e t  aL (1993):
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(10.1)

=0.0667f„Ljp,{e/v)X^ (10,2)

f #  = 0.0255/„ I" (p, -  p ,  X^/v) (10.3)

(10.4)

where is the surface shape factor, Lc is the mean crystal size, pc is the crystal 

density, Pf is the solution density, e is the specific input power, v is the kinematic viscosity, p  

is the dynamic viscosity, «, is the terminal settling velocity, and X is the eddy size.

10.2. Prediction of fragment sizes in a crystallizer using micro-force data

Among impact, pressure, drag and shear forces (see Equations 10.1-10.4), the

contribution of force with the highest absolute value has to be considered to estimate the

maximum fragment size (Lt) detached from an agglomerate of size Zo (parent crystal size).

Table 10, adapted from Synowiec et al. (1993), reports typical values of relevant 

parameters for a suspension of potash alum crystals in water.

Table 10.1 Values of physical and fluid dynamic properties of an agitated 
suspension of potash alum crystals in water.

Parameter Value
Specific power input, e G.6-1.5 W /kg
Crystal density, pc 1800 kg/m^
Solution density, pf 1000 kg/m^
Solution dynamic viscosity, p 1 X 10'  ̂ Pa s
Surface shape factor, fsu 3.464
Eddy size, k 37-47  pm
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Figure 10.3 F o rces a c tin g  on a  c ry s ta l in an a g ita te d  ve sse l a s a  fu n ction  o f  c ry s ta l size.

For the set of parameters given in Table 10.1, the value of breaking forces calculated 
using Equations 10.1-10.4 is reported in logarithmic scale in Figure 10.3 as a function of the 
crystal size L q. A s shown in this figure, and referring to the set of parameters considered in 

the calculation, the contribution of pressure force is negligible compared to that of other 
forces.

Contact area
Parent
crystal <l>a

Agglomerative 
strength

Figure 10.4 Sch em atic  d iagram  o f  a  m ixed  c ry s ta lliz e r  w h ere  a  fo r c e  F  a c ts  on an  
a g g lo m era te  cau sin g  the fo rm a tio n  o f  a  fragm en t.
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Figure 10.4 shows a schematic diagram of a mixed crystallizer where the force F acts 

on the agglomerate causing the formation of a fragment. Assuming that the absolute value of 

the force is all acting for agglomerate breakage, from the measured agglomerative strength 

(^a) it is possible to evaluate, in an agitated suspension, the maximum fragment size that can 

be broken away from the parent crystal. The size of fragments (Zfr) in an agitated suspension 

of parent crystals of size can be obtained from the ratio of calculated breaking force acting 

on crystals {F[m or F^,) and measured agglomerative force per unit contact area

^fr = (10,5)

Where the maximum fragment size is assumed to be related to the contact area between 

the fragment and the parent crystal as:

A = Û ( 10.6)

Values of fragment size calculated through Equation 10.5 for different supersaturation 

levels (correlated to the agglomerate adhesion forces using the experimental data plotted in 

Figure 8.3) are plotted in Figure 10.5 as a function of the parent crystal size Lc. The estimated 

fragment size decreases with increasing supersaturation, since, as shown in Figure 8.3, the 

agglomerate mechanical strength increases with increasing supersaturation.
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Figure 10.5 Estimated fragment size in a mixed crystallizer at different supersaturation levels.
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Estimated values are comparable to those determined experimentally by different 

authors, as represented in Figiue 10.5 by shadowed areas. Synowiec et al. (1993) reports that 

the breakage of potash alum crystals of average size ranging from 107 to 925 pm suspended 

in an agitated vessel resulted in the formation of fragments of size ranging from 3 to 15 pm. 

SHghtly larger fragment sizes (15-17 pm) were measured by Fasoli and Conti (1973) in an 

agitated solution of CUSO4 SHgO crystals of weU-delBned size (in the range 355-1347 pm) 

suspended in a non-solvent solution. Another term of reference for the agglomerate adhesion 

forces measured in the present experiment can be obtained from the observations reported by 

Crawley et a l (1996) in a study of potassium sulphate crystal disruption in a stirred vessel, 

where fragments of 5 pm were produced by breakage of parent crystal of 650 pm in an 

ethanol solution. Gahn et al. (1996) performed impact experiments on brittle crystalline 

substances in a stirred vessel, which demonstrated that the volume removed from the particles 

is almost proportional to the impact energy.

10.2.1. Limitations o f  the proposed approach

Several factors, related to uncertainties in the calculation of forces acting on particles in 

agitated systems (F) and in the measurement of agglomerative strength (0a), may affect the 

estimation of fragment size through Equation 10.5. In particular two effects should be 

considered to account for the discrepancy between fragment size estimates and experimental 

data observed in Figure 10.5:

 ̂ According to the agglomeration mechanism discussed above (i.e. particle 

collisions followed by cementation), only if coUiding particles remain in 

contact for long enough, sufficient cementation wdl occur forming a stable 

agglomerate (Dievsli and White, 1994). As a consequence of the time 

dependent nature of the bond formation, any agglomerates in intermediate 

stages of formation will be easier to dismpt. In the experimental set-up used in 

this project, crystal contact time (up to 45 min) is longer than that expected in 

any agitated suspension, and this could lead to underestimates of the fragment 

size compared to those found experimentally (due to the higher adhesion forces 

developed during this period). On the other hand, the contact time required to 

achieve stable agglomerates will depend upon several factors, among which the 

transfer rate of solute molecules from the bulk solution to the crystals could 

play a limiting role. Liquid-sohd mass transfer rate depends on both 

supersaturation (related to the transport driving force) and hydrodynamic
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conditions around the crystals (influencing the mass transfer coefficient). In the 

experimental set-up used here the transport of solutes from the bulk of the 

solution to the crystals is by diffusion, whilst in an agitated system this will be 

by turbulent eddies. These considerations show that a comparison of contact 

time in the experimental system used in this project and that of other work (e.g. 

that referred to in Figure 10.5) is not straightforward, and the comparison made 

in Figure 10.5 should be regarded only as a term of reference for orders of 

magnitude of the measured forces. 

iji According to Equation 10.5, the discrepancy between estimates shown in 

Figure 10.5 and the experimental data may be due to an overestimation of the 

mechanical stresses on the agglomerates, as not all their components wUl be 

active for agglomerate breakage. For a given agglomerative strength ^,), a 

smaller breaking force ^  corresponds to smaller estimates of fragment size 

(Li) through Equation 10.5.

On the other hand, the overestimation of agglomerative strength due to the limitation of 

the image analysis technique in measuring the actual area of the contact surface does not 

affect the comparison made in Figure 10.5, as both agglomerative strength (through Equation 

8.1) and fragment size (through Equation 10.5) are estimated using the same definition of 

contact area, i.e. the area of the contact surface projected on a plane.

103. Review

The evidence documented in Chapter 8, i.e. agglomerative strength increases with 

increasing solution supersaturation, support experimental findings that crystal agglomerates 

are more difficult to disrupt at high siçersaturation. To assess the validity of these results, 

measured agglomerate adhesion forces have been related to the mechanical stresses acting on 

suspended particles in a crystallizer to calculate the size of fragments which could be obtained 

from parental crystals of different sizes. These estimates were in close agreement with 

experimental data obtained in laboratory scale crystaUizers. This is an important term of 

reference as no other direct measurements are available in the technical literature for a 

comparison with the experimental work of this project.

Several factors, related to uncertainties in the calculation of mechanical stresses on 

particles in agitated systems (F) and in the measurement of agglomerative strength (<pa), may 

affect the estimation of fragment size through Equation 10.5. In particular the agglomerative
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strength, estimated in this project using experimental data, e.g. agglomerative forces and 

contact surface area, is influenced by errors into estimation in contact surface area made by 

image analysis.

These errors does not affect the comparison of micro force data discussed in this 

chapter as both agglomerative strength (through Equation 8.1) and fragment size (through 

Equation 10.5) are estimated using the same definition of contact area, i.e. the area of the 

contact surface projected on a plane.

10.4. List of symbols

Symbol Description

A  Surface area

/  Shape factor

F  Force

L  Size

5 supersaturation

Ut Terminal settling velocity

Units

m

kgm^

N

m

dimensionless
-1m s

Greek symbol Description

£ Specific power input

Agglomerative strength 

A Eddy size

/I Dynamic viscosity

V Kinematic viscosity

p Density

Units

Wkg-‘ 
Nm ^ 

m 

Pa s

m  ̂s'̂

kgm

Subscript

c

dr

f

fr

im

Description

Crystal

Drag

Solution

Fragment

Impact
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pr Pressure

sh Shear

su Surface

Acronyms Description

MSMPR Mixed-suspension mixed-product removal
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Chapter 11

On  th e  M e c h a n ism  o f  C r y st a l  A g g l o m e r a t io n

In spite of much evidence on the dependence of aggregation and disruption rates during 

crystallization and precipitation on process conditions such as supersaturation level and 

agitation energy, there is as yet no general agreement as to their mechanism.

Investigating the morphology of the contact surface in crystal agglomerates may help to 

understand the mechanism of agglomeration. This issue is addressed in this chapter, where 

after revising typical results of the contact surface characterisation through image analysis, 

scanning electron microscopy and conoscopy, a hypothesis on the agglomeration mechanism 

is formulated which accounts for the effects of supersaturation and other operating variables 

(e.g. contact time, type of crystals, faces in contact) on agglomerative strength as found in the 

experiments on potash alum and succinic add. The hypothesis is based on the state of the art 

theoretical and experimental information on the forces acting between colliding and adhering 

particles in liquids, and on the experimental observations made in this project regarding the 

morphology of the contact area between crystals in an agglomerate.

11.1. Background

Aggregation is the process by which particles i) coUide, ii) adhere one to another, and 

iü) form larger particles.

11.1.1. Crystal collisions

Particle collisions can be dominated either by Brownian diffusion (peiikinetic 

aggregation) or by transport due to fluid motion (orthokinetic aggregation). In both cases, as 

reviewed by Mehs et a l (1999), the rate of collisions can be calculated using the 

Smoluchoswki’s theory. Smoluchowski’s analysis gives only the rate of collision, not the rate 

of aggregation. If some collisions are not successful in forming aggregates, Smoluchoswki’s
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theory requires modifications, often obtained by defining a captiue efficiency of collisions to 

be incorporated in agglomeration rate expressions (Curtis and Hocking, 1970; David et al, 

1991).

11.1.2. Crystal adhesion

Adhesion is governed by forces acting between surfaces in liquids.

Four types of forces are considered to operate between surfaces or particles in liquids at 

the angstrom resolution level (Israelachvüi and Me Guiggan, 1988):

^ van der Waak forces, which are normally attractive and occur between aU

molecules;

ii) repulsive electrostatic “double layer” forces, which arise when ionisable 

surfaces have a net electric charge as usually occurs in water;

iii) solvation (“structural” or “hydration”) forces, which arise from the structuring 

or ordering of liquid molecules when confined between two surfaces close 

together (these can be attractive, repulsive or oscillatory); and

iv) repulsive entropie (steric or fluctuation) forces, which arise from thermal 

motion of protruding surface groups (such as polymer or lipid head groups) or 

from the thermal fluctuations of flexible fluid-like interfaces (of surfactant or 

lipid bi-layers).

In liquids, it is often difficult to separate unambiguously the various contributions into 

the above categories.

The forces between surfaces in liquids at the angstrom scale level become insignificant 

between particles above around 10 pm in diameter, since the range of these forces is too small 

and require extremely close approach of the particle surfaces for agglomeration to occur, and 

the forces are too weak at larger separations to have any noticeable effect on non-colloidal 

particles.

Much larger forces than those resulting from molecular or electrostatic interactions are 

those arising from liquid bridges between adhering particles, which may or may not harden to 

form sohd bridges. Liquid bridges can bring particles together which are well beyond the 

colloidal size range (Simons, 1996). The attractive forces developed between the particles by 

the liquid bridges may be both capillary and viscous in nature. Capillary forces usually 

dominate in cases where the liquid exists as discrete bridges, but viscous forces can become 

significant where the liquid viscosity is high or at high interparticle velocities. The capillary 

force between two particles in contact via a Hquid bridge arises from the sum of three effects:
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Î) the liquid surface tension acting at the liquid-sohd boundary;

ii) the force exerted by the reduced hydrostatic pressure in the bridge itself; and

iii) the buoyancy force resulting from the partial immersion of the particles.

The total force will depend on the separation distance between the two particles, the 

volume of the bridge, the surface tension of the liquid and the contact angle that the liquid 

makes with the particles. Furthermore, there will exist a critical distance beyond which the 

bridge wiU become unstable and rupture.

For a full description of a wet agglomeration process it is important to predict the initial 

agglomeration behaviour, i.e. whether collisions between wet particles wül give rise to 

rebound or capture. By considering energy dissipation in a dynamic pendular bridge, Ennis et 

a l (1991) developed expressions for the minimum velocity required for the particles to 

rebound. Although both capillary and viscous dissipation mechanisms were considered, it was 

shown that the latter can be very significant and effectively dominate the surface tension 

effects.

Simons et al. (1994) challenged these results, stating that, under certain condition, the 

viscous effects are not as large as expected. A likely explanation is that the model fads to take 

into account the effects of agglomerate breakage and consolidation; the equdibrium 

agglomerate size is limited not only by breakage but also by the rate at which internal pore 

liquid can move to the surface and contribute to the coalescence probabdity. Simons et aL 

(1994) took an alternative approach, considering the quasi-static effects of liquid bridge 

rupture in which the surface tension effects are important. The rupture energy of a pendular 

bridge is then evaluated by integrating the total resultant capdlary force with respect to the 

separation distance between the limits of zero (i.e. particle - particle contact) and a critical 

separation distance. As the mpture energy can be readdy related to the agitation energy 

imparted to agglomerating systems, the usefulness of this approach lies in the abdity to relate 

the microscopic effects of bond formation and subsequent agglomeration to the macroscopic 

properties of the industrial processes (see Chapter 10).

11.1.3. Agglomerate formation

Formation of agglomerates fiom colliding and adhering particles, occurs when the 

adhesive forces between colliding particles are large enough to resist the tensde forces applied 

to the agglomerates. For the case of agglomeration during crystallization, physical models for 

hydrodynamics and deposition have to be combined in order to predict the success of 

collisions with different orientations to the shear field.
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Two main mechanisms of bond formation between crystals may be postulated:

i) the crystals bond together via a liquid bridge of supersaturated solution 

providing the necessary adhesion force for the crystals to remain in contact 

with one another. The bridge then solidifies and an agglomerate forms,

ii) Both crystals grow towards each other and weld together.

Which of the two mechanism is observed will depend very strongly on the nature and 

relationship between the atomic structure on the crystal faces involved. When in contact, 

compatible crystal faces are more likely than incompatible face to grow and fuse together, 

leading to strong bonds with atomic arrangements similar to the crystal structure. The 

adhesion force in the case of incompatible face could be provided by the stick liquid bridge 

between them. As this bridge changes phase from liquid to solid (i.e. as it solidifies into an 

amorphous/polycrystalline form) the bond strength will obviously increase.

To account for the effects of aggregate formation, Mumtaz et a l (1997) modified the 

Smoluchowski’s ftieory by incorporation of a collision efficiency. The modification is based 

on the assumption that when two crystals collide in supersaturated solution, they temporarily 

adhere to each other, because of precipitation at their point of contact, resulting in the 

formation of a bridge between crystals, that must withstand the stress induced by 

hydrodynamic drag and impact with other particles. If this stress exceeds the critical yield 

stress of the crystalline material, then the bridge ruptures and the collision is unsuccessful in 

producing an aggregate.

11.2. Morphology of contact surfaces

The experimental work of this project is concerned with the third stage of the 

agglomeration process considered in the previous section (i.e. the formation of an 

agglomerate from two adhering particles). The results of measurements and observations 

undertaken can be used to give a fundamental contribution to the understanding of the 

mechanism involved in the formation of an agglomerate, and to underpin the assumptions 

made in the formulation of the mathematical models developed to characterise agglomeration 

kinetics fi-om classical theories (e.g. orthokinetic agglomeration models).

In particular, the characterisation of the contact surface morphology may be used to 

discriminate whether the two mechanisms of agglomerate formation considered in the 

previous section (i.e. i) liquid bridge formation and solidification, and ü) crystal growth) are 

experimentally observed and which is dominating under different conditions (e.g. 

supersaturation, contact time, faces in contact).
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Three techniques (described in Chapter 4) were used for the characterisation of the 

surface of contact in a crystal agglomerate:

Im age a n a lys is , for the measurement of the projection of the contact area on the 

plane of the contact face;

E nviron m en ta l scan n in g  elec tron  m icro sco p y  (ESEM ), for qualitative 

characterisation of contact area morphology;

C o n o sco p y  for the three-dimensional profile of the surfaces of the crystal in 

contact, with particular attention to their concavity or convexity.

These techniques were applied to pairs of agglomerated crystals once rupture of the 

agglomerate occurred.

11.2.1. Image analysis

Pictures of a pair of potash alum crystal faces taken under the inverted microscope 

before and after an agglomeration/rupture experiment are reproduced in Figure 11.1 and 11.2 
respectively.

100 Lim 100 m il

(a) (b)

Figure 11.1 P ictu res o f  a  p a ir  p o ta sh  alum  crys ta ls  ( ( I I 0) a n d  (100) fa c e s )  taken  un der the  
in ver ted  m icroscope  before agglom eration .

The contact surfaces are easily identified in Figure 11.2. As can be observed by 

comparing the two pictures of Figure 11.2, the contact surfaces on the coupled potash alum 

faces after the rupture of the agglomerate have similar shapes and areas.

The projection of each contact area on the face plane (i.e. the plane of the optical glass 

where the crystal faces are observed) can be measured using the image analyser connected to 

the inverted microscope.
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(a) (b)

F igu re 11.2 Pictures o f  a pa ir potash alum crystals ((110) and (100) faces) form ing an 
agglomerate taken under the inverted microscope after rupture o f  the agglomerate.

To enable these measurements, eaeh contact surface is approximated by a polygon 

(whose area is evaluated by the image analyser software presented in Chapter 4), as 
highlighted in Figure 11.3, where the crystal faces presented in Figure 11.2 and their contact 
surfaces are contoured in red.

Comparison of the two coupled crystals through this device proves on a quantitative 

basis that their contact surface have approximately the same areas.

lOOum lOOpin

(a) (b)

Figure 11.3 Image analysis o f  the crystal faces and contact surfaces o f  Figure 11.2.
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This comparison is illustrated in Figure 11.4, where the contour of the crystal on the 

left hand side in Figure 11.3 (in red) and a mirror image of the contour of the crystal on the 

right hand side in Figure 11.3 (in grey) are overlapped to show that the two contact surfaces 
match with each other.

(b)

Figure 11.4 Image analysis elaboration for comparison o f  the contact surfaces contours o f  
Figure 11.3. Contour (b) in this figure is the mirror image o f  contour (b) in Figure 11.3.

It can be observed in the photographs of Figure 11.2 that the contact surfaces have a 

concave shape, and the contact surface is a cavity . This is confirmed by the ESEM analysis 
as detailed in the following section.

Cavities similar to those shown in Figure 11.2 characterise most contact surfaces, as 

documented by the photographs reported in Figures 11.5 - 11.8, which show typical examples 

of the contact surfaces of crystal pairs after disruption of an agglomerate. In these figures, the 

polygons drawn ising the image analysis software to delimit the crystal surface and the 

contact surface on one crystal are mirrored and overlapped to the other crystal to highlight 

that the edges of the two contact surfaces match exactly.

In the case illustrated in Figure 11.5 the crystal surfaces around the contact surfaces 

appear to be smooth and flat. The contact between the two crystals was not realised over the 

whole contact surface, but located at its edges, where the two crystals were welded together. 

Although one of the two crystal faces was completely contained in the other face, the bigger 

crystal did not grow around the smaller one. Either short contact times or the imperfect
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positioning of the two crystals at the beginning of the agglomeration experiment (resulting in 

non-parallel faces in contact) may have produced this type of morphology.

When the crystals overgrow one past the other another type of morphology may occiu. 

This situation is characteristic of most experiments presented in this work, as crystal faces in 

contact, although flat, have different sizes and orientations, and cannot be exactly matched 

with each other during agglomeration. As a consequence, crystals grow one past the other 

during agglomeration, partially embracing each other. This conditions will obviously be 

typical of agglomerate stmctures found in precipitation systems, where agglomerating crystals 

wUl be randomly oriented.

The resulting morphology is illustrated in Figures 11.6 -11.8, where it can be observed 

that the contact surfaces are at a lower level than the crystal surfaces, and a clear step is 

apparent in aU images. In particular the interferometric analysis of the crystal faces after 

agglomerate disruption presented in Figure 11.6 shows that the contact surfaces are at a lower 

level than the rest of the crystal faces, confirming that the crystals must have overgrown one 

past the other during the experiment. The ‘tme’ contact area is not located just at the welding 

edges as in the case of Figure 11.5, but extends to the whole depth of the step, resultmg in a 

stronger agglomerate. A similar situation is illustrated in Figures 11.7 and 11.8, where the two 

crystal faces are not contained one in the other, and the crystals have overgrown at their 

unhindered surfaces.
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Figure 11.5 Doublet o f (111) and (100) potash alum faces after disruption with schematic 
representation o f crystal and contact surface contours.
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Figure 11.6 D ou b le t o f  (111) p o ta sh  alum  fa c e s  a fter d isruption . P h o tograph s a re  taken  
using the in terferom etric  m eth od  to  sh ow  fr in g e s  o f  in terference
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Figure 11.7 Doublet o f (100) potash alum faces after disruption with schematic 
representation o f crystal and contact surface contours.
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Figure 11.8 Doublet o f (111) potash alum faces after disruption with schematic 
representation o f crystal and contact surface contours.
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Environmental scanning electron microscopy

The characterization of the contact surfaces through the image analyser provides a 

measure of the area of the contact surface projected on the crystal face plane. Visual 

observations of the microscope images gives qualitative indications on the contact surface 

morphology, i.e. whether the contact surfaces are concave or convex. This information can be 

used to speculate on the presence (or absence) of a cavity between two agglomerating crystals 

(constituted by two concave surfaces) trapping residual water within the agglomerate. A more 

detailed characterisation of the contact surface morphology can be achieved through the high 

magnification obtainable using ESEM.

Figure 11.9 reports images of the crystal faces of Figure 11.2 acquired using the ESEM 

at a magnification of 307 x and 274 x, respectively. It is confirmed by the ESEM photographs 

that:

^ the peripheral region of the contact surfaces appears to be rough and indented,

suggesting that the rupture of the agglomerate have occurred in proximity of 

the edge of the contact surface, where the two crystals were welded;

ii) both contact surfaces are concave, i.e. the agglomerate presents a cavity

corresponding to the original position of the points of contact.

The ESEM morphologic characterisation of the crystal faces in contact suggests that 

the ‘true’ points of contact are distributed along the peripheral region, rather than over the 

whole contact surfaces. As a result, the inner volume of the aggregates presents a cavity filled 

with solvent.
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Figure 11.9 E S E M  m agn ifica tion  o f  the co n ta c t surfaces be tw een  tw’o p o ta sh  a lum  crys ta ls  
a fter  a g g lo m era te  d isruption , (a): co n ta c t su rface o f  c ry s ta l (a) in F igu re 1 1.2; (b): con tac t 
su rfa ce  o f  c ry s ta l (b) in F igu re  11 .2 .
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11.2.3. Conoscopy

An attempt to quantify the visual observation performed under the inverted microscope 

and the ESEM (i.e. both contact surfaces in a crystal agglomerate are concave) was made 

using conoscopy. This technique allows to measure the distance of the points on a surface 

from a reference plane and can be applied to estimate the depth of the cavities on crystal faces 

after agglomerate disruption

The results of the conoscopic scan of the crystal surfaces of Figure 11.2 are presented 

in Figure 11.10, where the relative height of single points constituting the crystal surface are 

represented by different colours. The crystal contours derived from Figure 11.3 are 
overlapped to the conoscopic scans and help to identify the profiles of the crystal faces and 

contact surfaces. As can be observed in the scans of both crystals in Figure 11.10, the region 

corresponding to the contact surface is at a lower level than the rest of the crystal face, 

resulting in a convex contact surface. This confirms the conclusions driven from the visual 

observations enabled by the inverted microscope and the ESEM.

Depth (pm)

2 - 4

Depth (pm)

0-4

5-9

10-14

15-19

20-24

25-29

(a) (b)

Figure 11.10 C onoscan  a ltim e tr ica l m ap o f  the p o ta sh  alum  fa c e s  sh ow n  in Fig. 11.2.
B la ck  co n to u rs iden tify  the p ro f ile s  o f  c ry s ta l f a c e s  a n d  c o n ta c t a re a s  a s d e term in ed  
in F ig  11.3.

As just one pair of crystal was scanned, the results of the conoscopic analysis are rather 

uncertain, and any conclusions driven from these measurements must be taken with 

considerable care. Nevertheless these results prove that conoscopy can be usefully developed 

for characterising crystal surface morphology.
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113. A  hypothesis on the mechanism of crystal agglomeration

A hypothesis on the mechanism of crystal agglomeration under quiescent conditions 

can be formulated on the basis of the observations made in the previous section on the images 

taken under the inverted microscope and the ESEM. The pictorial representation of the 

proposed mechanism is reproduced in Figure 11.11. Agglomeration under quiescent 

conditions occurs via the following steps:

i) At the beginning the two opposite parallel faces are separated by a thin liquid 

layer that interposes between the two growing surfaces, as schematically 

represented in Figure 11.11 (a).

ii) Opposite crystal faces tend to grow one towards another. Solute is driven in 

the space between the crystals by diffusion, and deposited at the crystal 

surfaces by precipitation, creating a solute concentration gradient along the 

channel, with the highest concentration at the channel entrance, i.e. by the 

edges of the contact surfaces. For small angles of the crystal face planes (as 

those of the experiments performed in this project, where the crystal face were 

approximately parallel), the face growth rate (limited by solute diffusion) is 

highest in proximity of the channel edge, and minimum in the centre (Figure 

11.11 (b)).

iii) As a consequence, the channel tend to weld at its extremity, remaining hollow 

(filled with saturated solvent) in the centre. This mechanism, represented in the 

pictorial of Figure 11.11 (c) helps to interpret the observations made on the 

optical microscope and ESEM photographs of Figures 11.5 and 11.9.

iv) Once the external edges of the contact surfaces are cemented together, the 

parts of the crystal faces not reciprocally hindered keep growing, and tend to 

inœrporate the opposite crystals. As a consequence a step forms on the crystal 

surfaces which can be observed after the agglomerates are disrupted (see 

Figures 11.6-11.8), as depicted in Figures 11.11 (d) and (e) before and after 

rupture. The strength of the agglomerate wül obviously depend on the depth of 

the step, which increases with increasing face growth rate and contact time.
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Diffusion of 
from the bul

(c)

V Solvent inclusion

Figure 11.11 Schematic representation of the sequential phases o f crystal 
agglomeration.
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Which of the two mechanisms above is dominating (i.e. iii) welding along the edge or

iv) step formation) depends on several factors, including the time that crystals have remained 

in contact, the relative orientation of the crystal surfaces, and the affinity of crystal faces in 

contact. In both cases, the observations on contact surface morphology lead to conclude that 

agglomerative strength increases with increasing crystal growth rate. This hypothesis is 

evaluated in the next section using evidence collected in the experiments.

According to the hypothesis of agglomeration mechanism formulated in this chapter, 

crystals agglomerate by welding together. The other mechanism of agglomerate formation 

postulated in Section 11.1.3 (i.e. crystals bond together via a hquid bridge of supersaturated 

solution which then sohdifies to form an agglomerate) is not apparent from the evidence 

produced in this project.

It is worth noting that the three-dimensional morphology of the contact surface cannot 

be assessed by the two-dimensional image analysis technique used to measure the contact 

area. This technique can only provide the evaluation of the projection of the actual contact 

area on a plane. The estimated agglomeration strength (i.e. force detected by the micro spring 

per unit contact area) may therefore be either lower than the actual value due to an 

overestimation of the contact area (e.g. when mechanism (iii) above is the dominating 

agglomeration mechanism), or higher due to an underestimation of the contact area (when (iv) 

above is the dominating agglomeration mechanism). As already observed in Chapter 10 (see 

Section 10.2.1), the limitation of the image analysis technique in measuring the actual contact 

area does not affect the reliability of the comparison of micro-force data and crystallizer data, 

as both agglomerative strength (through Equation 8.1) and fragment size (through Equation 

10.5) are estimated using the same definition of contact area, i.e. the area of the contact 

surface projected on a plane).

11.4. Interpretation of experimental results

11.4.1. Effect o f crystal growth rate on agglomerative strength

The hypothesis on agglomeration mechanism made in the previous section (i.e. the 

agglomerative strength increases with increasing face growth rate) on the basis of the 

morphological characterization of contact surfaces in crystal agglomerates is tested against 

the experimental results on agglomerative strength collected in Chapter 8.

As discussed in Chapter 2, the mechanism of crystal growth from solution requires that 

solute be transported to the crystal surface and then oriented into the crystal lattice. Two
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successive steps are required, a diffusional step followed by a surface reaction step (see 

Section 2.3.3). If a supersaturated solution flows past the crystal at high velocity, diffusional 

effects can be neglected (see Equations 2.12 - 2.15) and the observed growth rate can be taken 

to represent the surface integration step in the growth process. The rate of crystal growth will 

be determined by the diffusion of solute molecules from the bulk solution to the crystal 

interface only if this process is much slower than the surface integration step. This condition 

is likely to occur when the velocity past the crystal is low or the solution is stagnant (as in the 

experiments performed in this project). Under these conditions the experimental correlations 

presented in Chapter 5 (see Equation 5.1) for the growth rate estimation of (111) faces of 

potash alum crystals are not vahd, as the growth rate is limited by solution-crystal mass 

transport effects.

When the solution velocity past the crystal approaches zero, the mass transport of 

solute molecules from the bulk solution to the crystal surface is ruled by natural convection. 

Rates of mass transfer by natural convection are usually correlated by a semi theoretical 

expression of the form (Cussler, 1997):

Sh= 2.0+ A(GrScf^^ (11.1)

Sherwood, Schmidt and Grashof numbers in Equation (11.1) are defined as:

Sh = ! ^  Sc = ^  = (11.2)
D n ip

where zip is the difference in density between the fluid at the interface and that in the 

bulk solution. This term is directly proportional to the concentration difference between the 

solution and a solution saturated at the same temperature. Assuming that the particle/solution 

interface is under chemical equilibrium conditions, this concentration difference is also the 

driving force for the solution-particle mass transfer. The mass transfer rate under conditions 

of natural convection therefore depends on supersaturation raised to the power 1.25 (and is 

not directly proportional to supersaturation as is the case when forced convection is the rate 

controlling process, see Equation 2.13):

G„,„ = / a c '^  (11.3)

Mass transfer rates calculated from Equation 11.1 with A = 0.564 (the mean of the 

values quoted by a number of workers for 10  ̂< GrSc < 10 )̂ are very close to the values 

extrapolated at u -> 0 through the empirical correlation reported by MuUin and Garside
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(1967) (see Equation 5.1), tending to confirm that the growth process in stagnant solutions is 

controlled by natural convection.

The explanation of the crystallization mechanism is not so straightforward when 

considering faces growing faster than the (111) face. For example, Mullin and Garside (1967) 

reports that the (100) face appears to exhibit two characteristic growth rates, depending on 

whether the size of the face is increasing or decreasing. In both cases, the mean value of the 

growth rate relative to the (111) face does not appear to depend on supersaturation nor on 

solution velocity. This cannot be explained by the simple resistances-in-series model 

(Equation 2.15) which applies to describe the crystallization mechanism of (111) faces, as this 

model would predict the same growth rate of (111) faces and faster growing faces under 

natural convection conditions.

A survey of kinetic data on crystal face growth is summarised in Table 11.1, which lists 

relative crystallization velocities of the different faces of potash alum as measured by 

different authors. Although usefulness of these is limited either because essential 

experimental information is missing or because the growth process was carried out under 

uncontrolled conditions, by comparison of data listed in Tables 8.8 and 11.1, it can be inferred 

that agglomeration strength increases with increasing growth rate of crystal faces in contact.

Table 11.1 Relative crystallization velocities of the different faces of potash alum 
(adapted firom Mullin and Garside, 1967).

Authors (111) (110) (100)
Portnov and Bclyustin (1965) 1 2.4 2.6

Buckley (1930) 1 1.15 1.2
Average 1 1.8 1.9

The relationship between agglomeration strength and growth rate of crystal faces in 

contact is plotted in Figure 11.12, which reports the agglomeration strength as a function of 

relative growth rate, calculated for each crystal face as ratio between the actual and the (111) 

face growth rate.

As no direct measurements were taken in this work, the growth rate of different faces 

was estimated using data valid for growth in agitated systems, assuming that the relative 

growth rate (i.e. growth rate of each face relative to the growth rate of the (111) face) are 

similar for stirred and unstirred solutions. Although this can be regarded as a rough 

approximation, it proves useful to represent the agglomeration behaviour of different crystal 

faces (for example Mullin and Garside (1967) report that for potash alum the growth rate of 

the (100) relative to the (111) face was 8% lower in unstirred solutions than in stirred
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solutions). For agglomerates formed through contact of pairs o f homologue faces, values of 

the relative growth rate used in Figure 11.12 are the averages o f the values listed in Table 

1 1 . 1 :

(11.4)

(11.5)

For agglomerates fam ed through contact of hybrid pairs o f faces, values of the relative 

growth rate used in Figure 11.12 are the averages of the growth rates o f the two mother 

crystal faces.

As can be observed in Figure 11.12, the agglomeration strength is higher for faster 

growing faces than for slower growing faces.

I

I 'b£
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L
I .

♦ (111) faces 
A (110) faces
♦ (100) faces 
□ (l]l)-(110) 
A(I11)-(100) 
♦(iOO)-(llO)

( 100)

( 110)

( 1 1 1 )

0.8 1.2 1.4 1,6

Relative face growth rate

1.8

Figure 11.12 Agglomerative strength as a function o f face growth rate. Error bars 
represent standard errors.

Taking into account the limitations of the literature data on relative growth rate of 

different faces, it is now possible to investigate the behaviour of agglomerates formed under 

different operating conditions (i.e. varying supersaturation) and through contact o f different 

pairs of crystal faces using a single key factor, the face growth rate. This attempt is made in 

Figure 11.13, where the agglomerative strength, determined in experiments on potash alum at
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different solution supersaturation and with different faces in contact, is plotted as a function 

of the face growth rate, calculated as the rate of mass transport through Equation 11.3 for 

experiments at varying supersaturation, and using the empirical relationships introduced in the 

previous section (see Equations 11,4 and 11.5) for experiments with different faces in contact.

14
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C
8

£  4o

I .

A 11111 face, varying supcrsaluralion, grow th rate from 
M ullin and G arside ( 1% 7)

A vtirying faces, constant supersaturalion, average growth 
rate from Uuckley (1030) and Portnov and Bclyustin

0 6  0  8 1 1 2  1 4  1 6  1 8

Relative growth rate
2 2 2 4

Figure 11.13 Effect of face growth rate on agglomerative strength.

As can be observed in Figure 11.13, agglomerative strength increases with increasing 

growth rate. Aggregates having the same growth rate have also the same agglomerative 

strength, although they may have been produced using different pairs of faces in contact and 

under different supersaturation conditions.

Crystal agglomeration depends on interparticle forces. By investigating the nature of 

interfacial layers and forces influencing the interaction between sub-micron sized Gibbsite 

crystals in synthetic Bayer liquids, AddalMensah e t  at. (1999) have found that interparticle 

forces are initially repulsive and decrease gradually with time. Adhesive forces subsequently 

emerge and grow upon further aging. For Gibbsite crystals, repulsive forces and attractive 

forces proved to be respectively smaller and larger for faster growing faces (non-(OOl)) than 

for slower growing faces (001) faces. As a result a greater tendency for agglomeration is 

shown for faster growing faces than for slower growing faces (Addai-Mensah e t  a i ,  1999), in 

line with the findings shown in Figure 11.13. It can therefore be inferred that the face growth 

rate influences agglomeration not only during the early stages of crystal contact and adhesion
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through liquid bridges, but also during later stages when solid bridges form between crystals. 

As a result the faces with faster growth rates appear both more likely to agglomerate and more 

difficult to disrupt.

Kinetic information on the growth rate of succinic acid is not adequate for a 

comparison with the growth rate of potash alum. As a consequence, data on agglomerative 

strength of succinic acid agglomerates presented in Chapter 9 caimot be readily plotted in 

Figure 11.13 for a comparison with the agglomeration behaviour of potash alum crystals.

11.4.2. Effect o f contact perimeter on agglomerative force

According to the proposed model of agglomerate formation (see Figure 11.11), the 

contact points in a crystal agglomerate are mainly distributed along the peripheral region of 

the contact surface. As a consequence, remaining fixed aU other conditions (e.g. type of 

crystal, faces in contact, contact time, and supersaturation) the force needed to disrupt the 

agglomerate is expected to increase with increasing contact perimeter. This trend is confirmed 

in Figure 11.14, where the rupture force is plotted as a function of contact perimeter as 

measured in agglomeration/rupture experiments with (111) potash alum faces in contact, at 

constant supersaturation and contact time of 20 and 45 minutes (which, as discussed in 

Section 8.3, result in the same agglomerative strength). As can be observed in Figure 11.14, 

the agglomeration force increases with increasing contact perimeter, thus supporting the 

hypothesis that agglomerate bonds develop mainly at the edges of the contact surface.
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Figure 11.14 Aigglomerative strength as a function of the contact surface perimeter.
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11.4.3. Effect o f  surface affinity on agglomerative strength

According to the ‘morphological’ model of crystal agglomeration formulated in Section 

11.3 and depicted in Figme 11.11, the increased agglomerative strength with higher 

supersaturation as observed experimentally for potash alum agglomerates (see Figme 8.3) and 

succinic acid agglomerates (see Figme 9.3) is not a direct consequence of the surface 

structme (i.e. stronger bonds), but it is caused to a large extent by the fact that increased 

supersatmation gives rise to faster crystal growth, which in turn results in a larger contact area 

(see Figme 11.11). However, it is worth noting that molecular modelling of (111) potash alum 

faces predicts that increased supersatmation increases the polar character of the (111) faces 

giving rise to electrostatic double layer effects which in turn increase the repulsion between 

two such surfaces (Brunsteiner, 2003). This simulation suggests that the mechanism (iii) of 

aggregate formation postulated in Section 11.4 (see Figme 11.11 (c)) is not active when two 

(111) potash alum faces are in contact. These faces do not weld easily together, and 

agglomeration must occm via mechanism (iv) (i.e. crystal intergrowth, see Figme 11.11 (d)).

On the other hand molecular modelling of potash alum crystals shows that if two (100) 

or two (110) faces attach, a crystalline bridge can be formed without any further 

rearrangement of molecules because just by lateral movement two attached (100) or (110) 

surfaces can build a perfect crystal structme. This cannot happen for two (111) faces because 

they cannot attach to form a perfect crystalline bridge. As a consequence, a crystalline bridge 

between two (111) faces will be weaker than that between two (100) or (110) faces for similar 

growth times.

The structmes simulated by molecular modelling explain the experimental finding 

according to which, independently on supersaturation, a pair of (100) or (110) faces 

agglomerates stronger than a pair of (111) faces (see Table 8.8). Mechanism (iii) in Figure 

11.11 (c) can therefore be assumed to be dominant over mechanism (iv) for agglomeration of 

(100) and (110) faces, where bonds between faces are expected to be stronger than for pairs of 

(111) faces.

This provides an interpretation of results on agglomerative strength of non-(lll) faces 

alternative to that referring to the higher growth rate (see Section 11.4.1), which for non-(lll) 

faces is not as sound as it is for (111) faces, due to the scarce reliability of information on 

growth rate of non-(lll) faces.
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11.5. Review

In the experiments presented in this work, crystal faces in contact, although flat, have 

different sizes and orientations, and caimot be exactly matched with each other. As a 

consequence crystals can overlap during agglomeration, partially embracing each other. This 

results in the formation of a step, deeper for faster growing faces and longer contact times, 

which provides the contact between two adhering crystals. This morphology is apparent from 

the characterisation of the contact surfaces performed using the inverted microscope and the 

ESEM.

According to this ‘morphological’ hypothesis of agglomerate formation, the effect of 

supersaturation on agglomerative strength of potash alum and succinic add agglomerates (as 

reported in Chapter 8 and 9 respectively), i.e. agglomerative strength increases with 

increasing supersaturation, is not a result of changes in the nature of bonds between 

agglomerating crystals, but is due to higher crystal growth rate, which results in larger contact 

surfaces for similar growth times. Agglomerates formed at high supersaturation are stronger 

not because bound by stronger bonds, but because more co-penetrated than aggregates formed 

at low supersaturation level.

This hypothesis on agglomerate formation, based on the characterisation of contact 

surface morphology, is consistent with all experimental results on agglomerative strength 

obtained using potash alum under different conditions of growth (i.e. supersaturation, contact 

time), and with different faces in contact.

Furthermore, the hypothesis is supported by the results of molecular modelling 

performed on potash alum crystal faces.

11.6. List of symbols

Symbol Description Units

A Surface area m^

f Shape factor kgm'^

c Concentration kgm^

D Diffusivity m̂

g Gravity acceleration m s'̂

G Linear growth rate -1m s

Or Grashof number dimensionless
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k  Mass transfer coefficient

L  Crystal size

Sc Schmidt number

Sh Sherwood number

-1m s 

m

dimensionless

m s-1

Greek symbol Description

(1 Dynamic viscosity

p Density

Units

Pa s 

kg in 3
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C hapter 12 

A p p r a isa l a n d  S ig n if ic a n c e

The extent to which this work has been able to achieve the objectives outlined in 

Section 1.2 is discussed in this chapter. The significance and imphcations of the most 

important aspects of the research work are discussed within the context of industrial 

crystallization processes and the research fields of particle technology and molecular 

modelling. Areas in which future work might proceed are also suggested.

12.1. Appraisal

Objective I
The first objective of this project was to develop an experimental device suitable for 

measurements of bond strength in crystal agglomerates. Such a device was designed as the 

evolution of an existing apparatus available for the characterisation of liquid bridge 

mechanics in wet agglomeration.

The novel device, as detailed in Chapter 3, consists of an inverted microscope fitted 

with an adapted stage. The stage supports a crystal growth cell where agglomeration of crystal 

doublets occurs under controlled conditions of supersaturation, contact time and no agitation. 

Two specifically designed manipulators mounted on the microscope stage are used to handle 

the crystals for operations of selection, orientation, agglomeration and rupture during the 

experiments.

The agglomeration force is measured as the force required to rupture the agglomerates 

formed in the crystal growth cell. The rupture force is measured by a micro-force balance 

connected to one of the manipulators. The other manipulator can be moved by a piezo

adjuster, whose movements are detected by a linear variable differential transducer. 

Depending on the spring constant of the micro-force balance (i.e. on the thickness and the 

material of the blade), forces in the range 70-350 pN can be resolved.
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Objective II

The second objective of the project, i.e. the procurement of micro-force data for crystal 

agglomerates, was achieved by performing agglomeration/rupture experiments using 

inorganic crystals (potash alum, see Chapter 8) and organic crystals (succicinic acid, see 

Chapter 9). Different sets of experiments were performed under varying conditions of 

supersaturation and contact time, and with different types of faces in contact.

To this end an experimental protocol was defined in Chapter 7 for repetition of routine 

operations such as solution preparation (i.e. how mother solutions to be used for the 

preparation of crystals and for agglomeration experiments are formulated), crystal preparation 

(i.e. how organic and inorganic crystals of suitable size and shape are prepared fi’om mother 

solutions), crystal selection (i.e. how crystals prepared from mother solutions are selected for 

agglomeration-rupture experiments), crystal orientation (i.e. how selected crystals are oriented 

during the experiments to enable measurements of agglomerative forces between different 

types of crystal faces), crystal agglomeration (i.e. how the agglomeration of two selected 

crystal is performed), agglomerate breakage (i.e. how the obtained agglomerate is disrupted), 

force measurement (i.e. how the force required to disrupt the agglomerate is measured), and 

contact area characterisation (i.e. how the area and morphology of the contact surface 

between two agglomerated crystals are characterised once the agglomerate is disrupted).

The reproducibility of the measurements was assessed in experiments performed using 

pairs of (111) potash alum faces at constant supersaturation and contact time. In these 

experiments the measured force resulted to be proportional to the area of the projection of the 

analysis. Due to this linear relationship, each experiment is characterised by the 

agglomerative strength, defined as the force needed to disrupt an agglomerate per unit of 

contact surface area.

Subsequent experiments proved that the agglomerative strength increases with 

increasing supersaturation for both organic and inorganic crystals. This fundamental evidence 

supports experimental findings that crystal agglomerates become more difficult to disrupt at 

high supersaturation. Agglomerative strengths in the range 1 - 9T0^ and 0.7 - 3.5 10* N/m^ of 

contact area were measured for potash alum and succinic acid respectively under different 

conditions of supersaturation.

Agglomerative strength is also dependent on the type of crystals and on the face in 

contact. In particular, under the same conditions of supersaturation and contact time, 

agglomerative strength is found to be higher for potash alum than for succinic add, and
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higher for faster growing faces (i.e. potash alum (110) and (100) faces) than for slower 

growing faces (i.e. potash altun (111) faces).

Objective in
The results of an investigation on the morphology of contact surface in crystal doublets 

after agglomeration disruption carried out using images taken under the inverted microscope 

and the environmental scanning electron microscope, were used, together with experimental 

data on agglomerative strength, to formulate a hypothesis on the mechanism of crystal 

agglomerate formation under the quiescent conditions of the experiments performed in this 

work.

In these experiments, crystal feces in contact, although flat, have different sizes and 

orientations, and cannot be exactly matched with each other. As a consequence crystals can 

overlap during agglomeration, partially embracing each other. This results in the formation of 

a step, deeper for faster growing faces and longer contact times, which provides the contact 

between two adhering crystals. The corresponding contact surface morphology is highlighted 

by observations at the inverted microscope and environmental scanning electron microscope.

On the basis of this information, it is inferred that the key mechanism of agglomeration 

under the conditions typical of the experiments of this project (in particular, no agitation and 

long contact times) is crystal intergrowth.

According to this ‘morphologjcaT hypothesis of agglomerate formation, the effect of 

supersaturation on agglomerative strength of potash alum and succinic acid agglomerates, i.e. 

agglomerative strength increases with increasing supersaturation, is not a result of changes in 

the nature of bonds between agglomerating crystals, but is due to higher crystal growth rate, 

which results in larger contact surfaces for similar growth times. Agglomerates formed at high 

supersaturation are stronger not because bound by stronger bonds, but because more co

penetrated than aggregates formed at low supersaturation level.

12.2. Significance and implications

12.2.1. Crystallization and precipitation

Process control: i) supersaturation

During industrial crystallization, nucléation and crystal growth are the primary particle 

formation processes, but secondary processes, including particle agglomeration and breakage.
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can have a determining effect on product quality (Jones, 1993). In particular, these secondary 

processes can have a dominant effect on product shape and particle size distribution.

Both during formation and subsequently in comparison to the imposed forces due to 

tmbulent motion (which contribute to agglomeration and particle breakage) agglomerate bond 

strength is of key importance in determining the final size and shape of particles in a 

crystallizer.

Both crystal aggregation and agglomerate disruption have been found empirically to 

depend on crystal growth rates and hence solution supersaturation. The inference is that the 

strength of the crystal agglomerates appears to be a function of supersaturation. Thus crystal 

agglomerates appear to both aggregate at a faster rate at high supersaturation and become 

more difiBcult to disrupt (Hartel et a l, 1986; Wôjcik and Jones, 1997; Wojdk and Jones, 

1998).

This project enables a fundamental vahdation of this suggestion through the direct 

measurement of agglomerative strength at different supersaturation levels. As reported in 

Chapter 8 and Chapter 9, for both organic and inorganic crystal the agglomerative strength is 

found to increase with increasing supersaturation.

Process control: ii) agitation

In agitated particulate systems, motion of the crystals gives rise to collisions. In the 

case of precipitation fi-om solution the process of crystal intergrowth may occur leading to the 

formation of relatively strong agglomerates. This process can be enhanced by agitation, 

thereby providing an interaction of particle growth with process conditions. At high agitation 

levels, however, disruption of large particles can also occur, tending to disperse the particles 

and limit the maximum attainable particle size.

Accordingly, the agglomerative strength measured in this project can be related to the 

mechanical stresses acting on suspended particles in a crystallizer to calculate the size of 

fragments which could be obtained from crystals of different size. As discussed in Chapter 10, 

the calculated fragment size is in good agreement with experimental particle size distribution 

data obtained in laboratory scale crystalUzer under controlled agitation. This is an important 

term of reference for the data obtained in this work, as no other direct measurements are 

available in the technical hterature for a comparison, and may underpin future kinetic 

modelling of crystal agglomeration in relation to mixing conditions m crystaUizers.

On the other hand, the results of the comparison of micro-force data and crystallizer 

data suggest that information on agglomerative strength may be used to control the agitation 

level in a crystallizer which results in the desired maximum size of fragments.
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Several factors, related to uncertamties in the calculation of mechanical stresses on 

particles in agitated systems (F) and in the measurement of agglomerative strength (0a), may 

affect the estimation of fragment size in a crystallizer. In particular the agglomerative 

strength, estimated iu this project using experimental data, e.g. agglomerative forces and 

contact surface area, is influenced by errors in the estimation of contact surface area made by 

image analysis.

12.2.2. Particle technology

This work contributes to understand the mechanism of agglomeration in crystallization 

processes. It is worth noting that, due to inherent limitations of the experimental method 

adopted, which could not resolve forces below 70 pN and distances between agglomerating 

crystals below 5 pm, the present study does not give any insight on surface interactions acting 

at the angstrom level and responsible for crystal adhesion during the initial phases of 

agglomeration. The mechanism proposed in Chapter 11 refers to the formation of an 

agglomerate when two or more crystals comes into contact and are kept together for a time 

long enough to develop bonds which can resist the tensile forces applied to the agglomerate. 

The proposed mechanism is based on observations of contact surfaces on agglomerated 

crystals, and helps interpreting the agglomerative strength data collected in experiment 

performed under conditions of varying supersaturation and contact time, with different faces 

in contact and no agitation. This latter condition constitutes a major limitation to the extension 

and application of the proposed mechanism to mixed agglomerating systems.

According to the mechanism formulated in Chapter 11, two sequential steps 

characterise the agglomeration of two crystals in contact:

^ cementation at multiple contact point by solute diffusing from the bulk

solution into the space between crystals in the contact region;

ii) crystal incorporation due to crystal growth.

Which of the two steps dominates depends on several factors, including the time that 

crystals have remained in contact, the relative orientation of the crystal surfaces, the affinity 

of crystal faces in contact, and particle-fluid dynamics. In general, step ii) will become 

significant for long contact times. In mixed systems, for step ii) to become significant, contact 

times have not necessarily to be as long as in the experiments performed in this work, since 

the growth rate of crystal faces wül increase with increasing turbulence.

In step i) above, solute is driven in the space between the crystals by diffusion, and 

deposited at the crystal surfaces by precipitation, creating a solute concentration gradient
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along the channel. As a consequence, the face growth rate is highest in proximity of the 

chaimel edge, and minimum in the centre, and the channel tend to weld at its extremity, 

remaining hollow (filled with saturated solvent) in the centre. According to this mechanism, 

the agglomerative bond is not a single ‘neck’ between the particles that grows outwards (as in 

the model for agglomeration during precipitation proposed by Mumtaz et a l, 1997, and 

Hounslow et a/., 2001), though the raised ring which forms at the edge of the contact region 

may be seen as a result of the conjunction of a multitude of growth necks. However, the 

inclusion of solvent makes the structure of the agglomerative bond more complex than that 

predicted by the neck model.

12,2.3. Molecular modelling

The present work is part of a broader collaborative project bringing together the novel 

experimental approach for agglomerative strength measurement, described and discussed 

throughout this thesis, and the application of pertinent and feasible molecular modeUing 

techniques developed at the Department of Chemistry at UCL by the group of Professor Price. 

The general objective of this interdisciplinary project is to make a unique contribution 

towards the understanding of agglomerative precipitation. The molecular modelling is in 

particular aimed at understanding the dependence of the adhesion force on the nature of the 

crystal surfaces and interface between aggregating crystals. This comprises modelling the 

surface structures, crystal morphology and the energetics of the interactions between each 

specific surface and the solute and solvent molecules. In this way, the propensity for crystals 

to aggregate, depending on the nature of the contact surfaces, can be simulated (Brunsteiner et 

a l, 2003).

The experimental results clearly show that the degree of supersaturation has a major 

effect on the final strength of the bond. This is probably due, predominantly, to the 

supersaturation affecting the rate of growth of the agglomerative bond. However, the 

simulations do show that the ion concentration wiU also affect the nature of the ion 

distribution in the surface/solvent interface area (in a different way for different faces). This 

wiU affect the forces involved as the surfaces approach, through the rearrangements necessary 

to accommodate the solvent molecules, as the faces are approaching within less than two 

nanometres.

Potash alum

The complexity of the potash alum (K2S04 'Alz (S04 )̂  24H2O) crystal and its interface 

with a saturated solution makes adequate representation of the forces between the atoms a
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very challenging task. A comparison with the experimental findings of the work presented in 

this thesis can be made on a qualitative basis only. According to the molecular modelling 

predictions, supersaturation would increase the polar character of (111) potash alum faces 

giving rise to electrostatic double layer effects, which in turn tend to increase the repulsion 

between two such surfaces (Brunsteiner, 2003). This result confirms that, as discussed in 

Chapter 11, the increased agglomeration strength with higher supersaturation is not a direct 

consequence of the surface stmcture of (111) potash alum faces, but a result of faster crystal 

growth at higher supersaturation.

On the other hand, the effect of crystal orientation on agglomerative strength presented 

in Chapter 8 (i.e. under identical conditions of supersaturation and contact time a pair of (100) 

faces or a pair of (110) faces agglomerate stronger than a pair of (111) faces), may be a 

consequence of the involved surface stmctures. Molecular modelling shows that if a pair of 

(100) faces or a pair of (110) faces collide, a crystalline bridge can be formed without any 

further rearrangement of ions or molecules because these surfaces can bufid a perfect crystal 

stmcture by lateral movement, whilst a pair of (111) faces cannot (Brunsteiner, 2003)

Succinic acid

The effect of the differing strengths of the interatomic interactions can be taken into 

account in the attachment energy model for crystal morphology (Brunsteiner et a l, 2003). In 

this model, the relative growth rates of the feces are assumed to be proportional to their 

attachment energies, defined as the energy released when one additional growth slice of 

thickness ôhw is attached to the crystal face identified by the Miller indices hkl. Attachment 

energy model predictions for succinic add are fairly typical of this widely used model for the 

morphologies of organic molecules.

The most ideal and maximum strength stmcture for the agglomerative bond is for it to 

have grown as a perfect continuation of the crystal stmcture. This is only even hypothetically 

possible for two identical surfaces, perfectly ahgned on the atomic scale. In this case the 

energy to sever the agglomerative bond would be twice the surface energy per unit area of the 

bond. The surface energy per unit area is defined as

o = { E f ‘̂ - E ^ ) I A  (12.1)

where is the energy of a region of the surface A  and E ^  is the energy for the

same number of unit cells in the bulk, and may therefore be derived fi’om the lattice energy. 

This can be estimated for a surface (in contact with vacuum) by most of the programs that are
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used for estimating the attachment energy, as it is essentially the attachment energy for an 

infinite thickness slice, provided the face is not polar.

The theoretical value of the surface energy for (001) succinic acid face is much higher 

than the value derived from the experiments presented in Chapter 9. As discussed in Chapter 

11, this may be partially due to the fact that the effective agglomerative strength is 

underestimated in all the experiments considered in tins thesis, as the actual contact area, 

located at the edges of the area measured ly image analysis, is smaller than the estimated 

contact area. In addition, it is worth noting that the theoretical value of surface energy 

calculated through Equation 12,1 is the maximum value corresponding to an ideal structure 

where the agglomerative bonds have grown as a perfect continuation of the crystal structure.

12.3. Publications and prizes

Part of the research work illustrated in this thesis has been published and presented in 

the following international scientific journals and conferences:

Pratola, F., Simons S.J.R., Jones, A.G. (2000) Micro-mechanics of Agglomerative 

Crystallization Processes, AIChE 2000 Annual Meeting (Indianapolis, USA).

Pratola, F., Simons S.J.R., Jones, A.G. (2002) A Novel Experimental Device for 

Measurement of Agglomerative Crystallization Forces, Trans. IChemE., 80 A, 441-448.

Pratola, F., Simons S.J.R., Jones, A.G. (2002) Direct Measurement of Agglomerative 

Crystallization Forces via Micromanipulation, IV World Congress on Particle Technology 

(Sydney, Australia).

Pratola, F., Simons S.J.R., Jones, A.G. (2002) Analysis of Agglomerative 

Crystallization Strength: a Microscopic Understanding for Potash Alum Crystals, Proceedings 

of the 15th International Symposium on Industrial Crystallization (Sorrento, Italy).

Simons S.J.R., Pratola F., Jones A.G. , Brunsteiner M., Price S.L. (2004) Towards a 

fundamental understanding of the mechanics of crystal agglomeration: a microscopic and 

molecular approach. To be published in Part. Part. Sys. Charac..

Brunsteiner M., Jones A.G., Pratola F., Price S.L., Simons S.J.R. (2004) Toward a 

Molecular Understanding of Crystal Agglomeration. To be published m Crystal Growth and 

Design.

188



Part C -  Results, discussion and conclusions 12, Appraisal and significance

The poster presented at the 15th International Symposium on Industrial Crystallization 

(Sorrento, Italy) won the Poster Prize assigned by the Organising Committee.

The research work was also awarded of the Second Prize in the 2002 IChemE Young 

Researchers’ Competition in Particle Technology (Leeds, 2002),

12.4. Future work

The following areas are suggested in which future work nay proceed for a deeper 

understanding of agglomeration in crystallization processes:

id  An extensive use of sophisticated 3D techniques for contact area investigations

(such as conoscopy) would result in a rehable evaluation of the effective 

contact area which cannot be precisely determined by 2D image analysis since 

it does not He on a plane. This issue is of particular concern when a step forms 

during crystal agglomeration (see Section 11,3), 

id  Minor improvements to the existing experimental set up would overcome some

inherent limitations. For example, the use of flexible blades capable of 

detecting weaker forces (down 0.1 pN) would enable the investigation of the 

time-dependent nature of bond formation. The present work has focused on the 

study of agglomerative forces of crystals through measurement of soHd bridges. 

Since agglomeration consists of four sequential steps (see Sections 1,1,2 and 

11,3), including i) adhesion of the coUiding particles due to weak forces acting 

through Hquid bridges, and ü) cementation at multiple contact points, for a 

complete description of the agglomeration mechanism it would be required to 

measure forces associated to both Hquid bridges and cementation points. These 

data can be obtained by performing experiments at short contact time (i.e. less 

than 10 minutes). The data obtained could also be used for developing and 

testing a ‘multiple neck’ agglomeration model, 

id  A cooling system ensuring linear or controUed cooling (see Section 2.2.1.2),

would improve the quality (e.g. regularity and size) of obtainable crystal and 

the accuracy and reproducibüity of experimental data, thus aUowing a wider 

range of crystal-solvent system to be studied, 

y i Modifications to the existing crystal growth ceU could result in the possibHity

of running agglomeration and rupture experiments under controUed flow
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conditions, thus providing information on the contribution of convective 

transport (at higher flow rates) and diffusion ( at lower flow rates) effects.

Qà To investigate in more detail the evolution of the contact stuface morphology 

diuing agglomeration, an adapted stage could be designed and developed for 

use under the ESEM. This would ensure controlled process conditions and a 

higher magnification of the events occurring dining agglomeration, in particular 

the growth and overgrowth.

12.5. Synthesis

Over half the products of the chemical process industry, in particular specialty 

chemicals (e.g. agrochemicals, pharmaceuticals, dyestuff, biotechnological and food 

products) are manufactured in the form of particulate crystals. Crystal properties such as size 

and shape determine the quahty of these products, and their engineered control during 

manufacture is of key importance in product design.

During industrial crystallization, nucléation and crystal growth are the primary particle 

formation processes but secondary processes, including particle breakage and agglomeration, 

can also occur and have a determining effect on product size distribution, especially during 

precipitation. Aggregate bond strength plays a key role both during formation and 

subsequently in comparison to the imposed forces due to turbulent motion (which contribute 

to agglomeration and crystal breakage), but there is not yet an adequate description of the 

agglomeration process to permit general system prediction and control.

This dissertation gives a fundamental contribution towards the understanding of the 

agglomeration mechanisms. This is achieved through the experimental characterisation of 

bond formation in agglomerative processes by direct measurement of the agglomerative force 

in crystal agglomerates.

To enable the measurement of agglomerative forces, a novel device, consisting of a 

micro-force balance and a crystal growth cell mounted on a specifically designed microscope 

stage, was developed during the first phase of the project. The experimental set-up was used 

for the procurement of agglomerative force data, obtained under varying conditions of 

agglomeration (in particular supersaturation level, contact time and type of faces in contact), 

and using different types of crystals (i.e. organic and inorganic crystals). These data were then 

employed to formulate an hypothesis on the agglomeration mechanism.
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The micro-mechanics of organic and inorganic crystal agglomerates was investigated 

using, respectively, succinic acid and potash alum as crystal models, Agglomerative forces in 

the range of 1 - 9-10"̂  N per nf of contact area were measured imder different conditions of 

supersaturation for potash alum, whüe succinic acid agglomerates proved to be one order of 

magnitude less strong (agglomerative forces up to and 2.6-10  ̂ N per nf of contact area). 

Repeated experiments at constant supersaturation, contact time and using the same type of 

faces in contact proved that data on agglomerative strength produced with the equipment 

developed in this project are reproducible.

Agglomerative strength was found to depend on the type of crystal faces in contact 

during agglomeration, and to increase at higher supersaturation. This evidence supports 

experimental data in the literature obtained in continuous crystaUizers, which show that 

crystal agglomerates are more difficult to disrupt at high supersaturation. To assess the 

vahdity of these results, measured agglomerate adhesion forces were related to the 

mechanical stresses acting on suspended particles in a crystallizer to calculate the size of 

fragments which could be obtained from parental crystals of different sizes. These estimates 

were in close agreement with experimental data obtained in laboratory scale crystaUizers. 

This is an important term of reference as no other direct measurements are avaUable in the 

technical hterature for a comparison with the experimental work of this project.

The characterisation of the contact surfaces performed using the inverted microscope 

and the environmental scanning electron microscope made apparent that the contact area 

between two agglomerated crystals is not flat but constituted of a concavity, deeper for faster 

growing faces and longer contact times, which provides the contact between two adhering 

crystals. On the basis of this ‘morphological’ observation, the effect cf supersaturation on 

agglomerative strength of potash alum and succinic acid agglomerates (i.e. agglomerative 

strength increases with increasing supersaturation) is attributed to higher crystal growth rate, 

rather than to changes in the nature of bonds between agglomerating crystals. Agglomerates 

formed at high supersaturation are stronger not because bound by stronger bonds, but because 

they are more co-penetrated than aggregates formed at low supersaturation level. This 

hypothesis on agglomerate formation, based on the characterisation of contact surface 

morphology and supported by molecular modeUing of potash alum crystal faces, is consistent 

with aU experimental results on agglomerative strength obtained using different crystals (i.e. 

succinic acid and potash alum), under different conditions of growth (i.e. supersaturation, 

contact time), and with different faces in contact.
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12.6. List o f symbols

Symbol Description Units

A  Surface area

E  Energy J

Greek symbol Description Units

(J Surface energy J
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A.1 Solubility data for potash alum
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Fig. l A  Solubility o f potassium aluminium sulphate between 19 and 25 °C

Table A .l Data of solubility of succinic acid between 19 and 25 °C 
(interpolated from Mullin, 1997)

Temperature (®C) Solubility (g hydrate /  kg solution)

19 53.5
20 55.4
21 57.4
22 59.4
23 61.5
24 63.6
25 65.7
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A.2 Solubility data for succinic acid
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Figure A.2 Solubility o f succinic acid between 18 and 25 °C

Table A.2 Data of solubility of succinic acid between 18 and 25 °C 
(interpolated from Mullin, 1997)

Temperature (®C) Solubility (g hydrate /  kg solution)

18 59.0
19 61.5
20 64.1
21 66.7
22 69.5
23 72.4
24 75.4
25 78.5

A.3 References

Mullin J.W., Crystallization. Hartnolls Ltd (1997), Bodmin, Cornwall.
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APPENDIX C

VEE Pro Environment Routine
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