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Abstract

ABSTRACT

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 micro-force balance and a crystal growth cell mounted
on a specifically designed microscope stage, was developed for the procurement of
agglomerative force data under varying conditions of agglomeration (in particular
supersaturation level, contact time and type of faces in contact), and using different types of
crystals.

The micro-mechanics of organic and inorganic crystal agglomerates was investigated
using succinic acid and potash alum. Agglomerative strengths in the range of 1-9-10* and 0.7-
3.510° N per m* of contact 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 crystallizers, 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 contact 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

BACKGROUND, OBJECTIVES AND OVERVIEW

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
nucleation 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 Mullin. 1992; Wéjcik and Jones, 1998).

In conventional kinetic models, nucleation and growth are the essential terms
describing the crystallization process. Secondary processes of crystal agglomeration and
breakage can have a dominant effect on the product particle size distribution in precipitation

processes. Crystals are subject to breakage due to attrition, impact and turbulent flow, creating
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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 framework incorporating kinetic
expressions for analysing the various crystal formation, aggregation and disruption
mechanisms (Randolph and Larson, 1988; Jones e al, 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
from both batch (Sohnel et al., 1988; Wachi and Jones, 1992; S6hnel and Mullin, 1992) and
continuous mixed-suspension, 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 providing
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; Wéjcik 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.

16



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, mixed-product-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:

o

‘¥ collision of two or more particles;

P

‘4t adhesion of the colliding particles to resist rebound and collisional and turbulent
fluid mechanical break up;

“al  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
will be difficult to discriminate 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 will 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:

(a 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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Part A — Introduction 1. Background, objectives and overview

breakage will then be by attrition and will be dependent on the agitation energy of
the process (Simons, 1996).

Ll Straightforward growth of both crystals towards each other causing them to fuse
together. To account for this behaviour 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 calcium-
oxalate crystals (Mumtaz et al, 1997).

The nature of the bond will 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 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.

Whether or not the crystals stay together long enough fr either a bridge between them to
solidify or for the surfaces in contact to grow together will depend on their kinetic energies,
which in turn will 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 will separate. If not, they will 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 al. (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 lies 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 will 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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Part A - Introduction 1. Background, objectives and overview

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 of particles agglomeration

In previous works performed at the Department of Chemical 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 liquid 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
crystak 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 I1

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

e (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 111

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 will 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 measuring 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 thase 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 crystalsolvent 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 setup were
employed to interpret existing data available at the macroscopic scale of laboratory
crystallizers on the effect of mixing 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 2).

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
Chapter4.

The techniques and methods set to control experimental conditions and measurement

reliability are described in Chapter 5.

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 acid crystals, under varying supersaturation levels.
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