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ABSTRACT

The thesis provides a background on crystallisation, the effects of applied fields and
summarises the techniques used for characterisation and analysis. The study of applied
magnetic fields was carried out on three crystallising systems (a) sucrose, (b) lactose and
(c) cocoa butter. Both sucrose and lactose were crystallised from aqueous solutions in
incubators at 50°C in applied magnetic fields and the resulting crystals compared to the
those obtained under zero field conditions. The results for the sucrose study where the
magnetic treatment was carried out under static, dynamic pumped and dynamic syphoned
conditions domonstrated that changes in phase, crystallinity, morphology and
microcrystallinity were a result of the applied magnetic fields and additional strongly
bound water was found to be present within the sucrose crystals most likely to be sucrose
hydrates. The resulting sucrose crystals were dependant on the type of field applied, the
purity of the sucrose solution and the residence time within the applied field. The lactose
study under static conditions provided similar results concluding that applied fields
resulted in a more controlled crystallisation resulting in increased crystal size, increased
crystallinity and changes in morphology. Crystallisation of cocoa butter from the melt,
under normal production conditions in applied fields, resulted in changes in morphology
and the time taken to reach optimum tempering which were dependant on the type of
applied field and the residence time in the applied field.
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1.0 SUMMARY

This chapter serves to introduce the concepts of crystallisation and magnetic fields.

The chapter is divided into the following categories:

Crystallisation: The crystalline state, solutions and solubility, phase -

nucleation and crystal growth are reviewed.

Magnetism and background of applied field effects: Basic magnetic properties,
classification of magnetic materials and types of magnetic fields are discussed
in addition to a small review on the effects of applied fields and a survey of the

proposed mechanisms for these effects.

Techniques used for analysis: The theoretical principles and practical aspects
behind the techniques used to analyse and characterise the materials prepared

in this work are described. The analytical techniques described include:

e X-ray diffraction techniques

e Thermal analysis

e Scanning electron microscopy
e Polarising light microscopy

e Solid state nmr techniques

o Karl Fischer Titrations



1.1 CRYSTALLISATION

The three general states of matter, gaseous, liquid and solid, represent different
degrees of atomic or molecular mobility. In the gaseous state, the molecules are in
constant, vigorous and random motion. This is considerably more restricted and less
vigorous in the liquid state. In contrast, the molecular motion in the solid state is

confined to an oscillation about a fixed position within a rigid system.

1.1.1 The crystalline state

The solid crystal is made up of molecules, atoms or ions held in a rigid lattice
structure and their locations within the internal structure are characteristic of the
material. The regular arrangement within the crystal results in crystals having shape
and smooth surfaces or faces. Crystal growth results in planes of these faces parallel to

atomic planes in the lattice.

Each different substance has its own unique exterior crystal shape, however, this shape
may also be a direct result of the environment in which it is grown. The same substance
therefore may appear to have several crystal shapes, with reference to size and
development of faces (crystal habit), however the angles between corresponding faces
remain constant, and are characteristic of the substance. This does not apply to

polymorphs which are different structural arrangements.

1.1.1(a) Crystal symmetry
Many of the geometrical shapes that appear in the crystalline state possess some
degree of symmetry that can be used as a means of classification. The three simple
elements of symmetry are:

(1) symmetry about a point (a centre of symmetry),

(2) symmetry about a line (an axis of symmetry), and

(3) symmetry about a plane (a plane of symmetry).

Crystals can possess no symmetry elements, a single symmetry element or in most

cases a combination of several axes and planes of symmetry.



1.1.1(b) Crystal systems

The symmetry elements mentioned above result in 32 possible combinations which are
called point groups or classes. These 32 classes may be applied to the six crystal
classes:

(1) Cubic,

(2) Tetragonal,

(3) Orthorhombic,

(4) Monoclinic,

(5) Triclinic, and

(6) Hexagonal/Rhombohedral.

These systems are grouped with reference to a, b and c cell edges and in terms of

angles a, B and v.

The unit cell is generally defined as the smallest symmetrical cell which on repetition in
space will completely describe the lattice. Every crystal class must have a primitive cell
associated with it but multiple unit cells are also possible. The four possible types of
cell, primitive (P), body centred (I), face-centred (F) and face-centred on one face (or
end-centred: A, B or C depending upon the face which is centred). Primitive cells
contain only one lattice point within their boundaries; the body- and face-centred (one
face) cells contain two lattice points and the face-centred (all faces) cell contains four
lattice points. Given the four possible cell types, Bravais postulated in 1948 that there
were only 14 possible basic types of lattice that could be used to identify the
environment. Consideration of the 32 crystal point groups, 6 crystal classes and 14
Bravais lattices and allowing for translation symmetry, there are 230 possible space

groups

1.1.1(c) Isomorphs, polymorphs, enantiomers and racemates

Two or more substances that crystallise in almost identical forms are said to be
isomorphous. The crystals themselves differ only in small changes in interfacial angles
and in general show very close similarity. An example of this is the class of ‘Alums’

which has the general formula:

M’ 2504.M”’2(SO4)3.24H20



where M’ is univalent e.g. K or NH,
M’>’ is trivalent e.g. Al, Cr or Fe.

Many phosphates, arsenates, sulphates and selenates are also isomorphous.

A substance capable of crystallising into different, but chemically identical crystalline
forms is said to exhibit polymorphism. One of the most common polymorphs known is
carbon which has polymorphs diamond (regular) and graphite (hexagonal). The term

allotropy is applied to polymorphism of an element.

Variation in crystallising temperatures and changes in solvent used may result in
different crystalline forms. For example, sulphur crystallises in the orthorhombic form
(a-sulphur) from a carbon disulphide solution and the monoclinic form (B-sulphur)
from the melt. B-sulphur cooled below 95.5°C changes to a-sulphur. This process of
polymorphic transition occurring at a definite temperature is called enantiotropy, and is
usually accompanied by a change in volume. When polymorphs are not
interconvertable, the crystal forms are said to be monotropic e.g. diamond and graphite

are monotropic forms of carbon.

Two crystals of the same substance which are mirror images of each other are said to
be enantiomorphous. These crystals do not possess any symmetry elements other than
identity, and most are capable of rotating plane polarised light: this is termed optical
activity. One enantiomer will rotate plane polarised light to the left (L-form) and the
other to the right (D-form). Molecules which possess optical activity can also be

termed chiral.

All known optically active substances are capable of being crystallised into
enantiomorphous forms. Where the optical activity persists in the solution form, the
molecules themselves are enantiomorphic. Where melting or dissolution removes

optical activity, enantiomorphism is confined to the crystal structure only.

In organic compounds optical activity is often favoured by the presence of an

asymmetric carbon atom. Certain sugars are well known examples of optically active



substances, one example is tartaric acid which has three possible forms shown in Fig.
1.1.1. The (a) form and the (b) form are mirror images, each has two chiral carbon
atoms and both are optically active. In contrast, the meso- form of tartaric acid shown
in (c) is optically inactive although it contains two chiral carbons. The potential optical

activity of one half of the molecule is cancelled out by the opposite potential optical

activity of the other half.
COOH COOH COOH
HO—C—H H—(II——OH H—C—OH
H—C—0H HO—C—H H—CI —OH
éOOH (IIOOH COOH
(a) (b) ©

Fig 1.1.1 The tartaric acid enantiomers, (a) and (b) are optically active,
(c) the meso form is optically inactive.

A mixture of definite proportions of D- and L-tartaric acids dissolved in water can
produce an optically inactive solution. This property is known as racemism.
Crystallisation of the racemic solution will result in a crystal form that is different from
the D- and L- forms. The difference of the racemic crystal from the meso- form is that
although both demonstrate optical inactivity, the racemic crystal may be redissolved

and separated into D- and L- forms.

1.1.1(d) Crystal habit and common forms

Although the internal structure of a crystal may be classified according to one of the
seven symmetry systems, there can be large variations in external crystal appearance
because different faces can grow at different rates, depending on the conditions. The
external form of the crystal is referred to as the crystal habit. Thus elongated growth
of the prismatic habit gives a needle-like (acicular habit) and a stunted growth gives a

flat-like crystal (tabular, platey or flakey habit).

There are a number of factors that can control the relative growth rates of the faces on
a crystal. Examples of these include rapid crystallisation caused by sudden cooling;

seeding of a supersaturated solution, impurities in the crystallising solution,



crystallisation from different solvents; degree of supersaturation; agitation etc. All are

known to have an effect, sometimes dramatic, on the resulting crystal habit.

! ey L
Srimary bronc™

::glr: Secondory brangn
Fig. 1.1.2 Dendritic growth.
Tree-like formations called dendrites (shown in Fig. 1.1.2) are frequently produced
under conditions of rapid crystallisation from supercooled melts, supersaturated
solutions and vapours. The main crystal stem grows rapidly in a supercooled system,
then primary branches grow at a slower rate out of the stem and in some cases, small
secondary branches may grow slowly from the primaries. Branching continues until the
pattern or surface becomes filled with crystalline material. The patterns that a
snowflake produces are good examples of dendritic growth. Dendrites are most
commonly formed at the early stages of crystal growth and are followed by more
normal uniform growth. They are also common in thin liquid layers where the

evaporation rate is fairly high, however agitation tends to suppress this type of growth.

Crystal aggregation or intergrowth is common in most crystalline natural minerals and
many crystals produced industrially, and is one of the main problems in large-scale
crystallisation. The free-flowing nature and the appearance of the product may be
ruined by the presence of aggregates, and generally increased impurities in the crystal

from the mother liquor are not easily removed by washing.

Composite crystals can occur in random clusters or in simple symmetrical forms.
Parallel growth is one of the simplest forms of aggregation, where individual forms of

the same substance grow on top of one another and crystal twinning is another



common composite crystal form and is made up of two intergrown individual crystals

joined symmetrically about an axis (a twin axis) or a plane (a twin plane).

1.1.2 Solutions and solubility

1.1.2(a) Solutions and melts

A homogeneous mixture of two or more substances, whether they are in solid, liquid
or gaseous state is termed a solution. It is normally convenient to refer to the
constituents of liquid solutions as ‘solvents’ and ‘solutes’ when referring to the bulk
liquid and the dissolved substance respectively. There are however many examples
where these terms are inappropriate. Although there is no precise definition of a melt,
it is generally assumed to be a liquid close to its freezing point. It can however also be
a homogeneous liquid mixture of two or more substances which individually would
solidify on cooling. There are no rigid rules to these definitions. Solubility, refers to a
wide field and takes into account all degrees of solubility. Taking water as the solvent,
solubility can range from materials that will dissolve in their own water of
crystallisation at certain temperatures, down through the limited solubilities of

materials like KClO; and CaSO,, to almost insoluble materials like BaSO4 and HgO.

1.1.2(b) Preparation of a solution

Preparation of a solution normally involves mixing of solid and liquid components. A
finer powder will dissolve more rapidly than a coarse one. Likewise, stirring or
vigorous shaking will speed up dissolution by the action of rapid mixing, but will have
no effect on the amount of solid material that a given solvent can take in, which varies
according to temperature. However a definite point will be reached at a given
temperature where no more solid material will dissolve. This is called the saturation
point and normally increases with temperature. For every given solvent, a succession
of saturation points at different temperatures can be plotted resulting in a solubility

curve.

1.1.2(c) Choosing a solvent
When deciding on a solvent for use in crystallisation several factors need to be

considered: The solute must be soluble in the solvent, the desired crystalline form must



be easily obtainable following cooling and/or evaporation etc., and the general rule is
‘like dissolves like’ when referring to polarity of the solvent and bonding interactions
of the solid. The intermolecular bonding interactions of solvents can be used as a basis
for classification as follows:

1. Polar protic, e.g. water, methanol, acetic acid etc.,

2. Dipolar aprotic, e.g. nitrobenzene, acetonitrile, chloroform etc., and

3. Non-polar aprotic, e.g. hexane, benzene, ethyl ether etc.

Polar protic solvents interact by forming strong hydrogen bonds. In order to dissolve,
the solute, these bonds must be broken and replaced by bonds of similar strength.
Therefore the solute must be capable of forming hydrogen bonds i.e. be sufficiently
basic to accept a donated hydrogen atom or be hydrogen bonded itself. It follows that
an aprotic non-basic solute cannot form strong bonds with the solvent molecules and

therefore will have a very low solubility.

Dipolar aprotic solvents are classified by their high dielectric constants and interact via
dipole-dipole interactions. Where the solute is dipolar and aprotic, solvation will occur
via similar dipole-dipole interactions with the solute. Non-polar solutes are considered
insoluble in such solvents because no dipole-dipole interaction with the solute is

possible.

Protic solutes are soluble in basic dipolar aprotic solvents but have low solubility in
non-basic dipolar aprotic solvents. This is because in basic dipolar aprotic solvents,
strong hydrogen bonds are formed with the protic solutes, however, in the case of the
non basic solvents, the hydrogen bonding within the solid state of the solute can only

be replaced with very weak dipole-dipole interactions within the solution.

Non-polar aprotic solvents have low dielectric constants and the molecules interact by
weak van der Waals forces. Therefore non-polar solutes are readily replaced by solutes
with similar interactions. Dipolar and polar protic solutes are generally found to have
very low solubilities in these solvents except in cases where non-polar complexes are

formed.



The ‘power’ of a solvent is usually expressed as the mass of solute that can be
dissolved in a given mass of pure solvent at one specified temperature. For example,
water is a more powerful solvent than n-propanol for sodium chloride at 20°C (75 and
16g/100g solvent respectively) and, for benzoic acid n-propanol is more powerful than

water at the same temperature (42.5 and 0.29g/100g solvent respectively).

The temperature coefficient must be considered carefully when deciding on a solvent.
For example when considering potassium sulphate and potassium chlorate in water at
20°C their solubilities are 11g and 7g/100g water respectively. However, at 80°C,
potassium chlorate is more soluble than potassium sulphate (39g and 21g/100g water
respectively). Therefore, on cooling from 80° to 20°C, 80% of the dissolved potassium

chlorate would be deposited compared with around 50% for the potassium sulphate.

Both solvent power and the temperature coefficient must be considered when choosing
a solvent, for a cooling crystallisation process. Solvent power influences the volume of
the crystalliser required and temperature coefficient influences the yield. In addition,
when choosing a suitable solvent, it should be as clean and pure as possible. It should
be stable under operating conditions and should neither decompose nor oxidise.
Likewise, the solute and solvent must not react together. Where anhydrous forms are

required, additional drying is required and may be difficult to obtain.

1.1.2(d) Supersolubility

It is often possible to cool a hot concentrated solution slowly without agitation, to
prepare solutions containing more dissolved solids than expected from the saturation
values. These solutions are said to be supersaturated. Supersaturation is a requirement
for all crystallisation operations. The terms ‘labile’ and ‘metastable’ were introduced in
1897 to classify supersaturated solutions that spontaneously nucleate or not!™ A
relationship between supersaturation and spontaneous crystallisation was developed in
1906, and in 1907 a diagrammatic representation of the metastable zone on a
solubility-supersolubility curve was proposed'®” (see Fig. 1.1.3) in which there are
three regions, one well-defined and the other two are variable:

1. The stable (unsaturated) region, where crystallisation is impossible,



2. The metastable (supersaturated) region, between the solubility and supersolubility
curves, where spontaneous crystallisation is improbable unless a seed crystal is
added,

3. The unstable or labile(supersaturated) region, where spontaneous crystallisation is

more probable.

Labile 7~ l A

Concentration

Temperature

Fig. 1.1.3 The solubility -supersolubility diagram.
A solution of solubility and concentration A can be brought to the equilibrium
saturation condition by lowering the temperature to reach point B on the solubility
curve. Evaporating the solvent off at constant temperature results in increasing the
concentration to reach point B’ on the solubility curve. In practice, a combination of
both cooling and evaporation takes place; this is illustrated on the solubility curve as
point A to B”’. At points B, B’ or B” a crystal could remain indefinitely in solution
without growth or dissolution taking place. Theoretically, any further cooling or
solvent removal above these points on the solubility line should result in crystallisation,

however this does not take place, although crystal growth will take place on crystals

already formed.

Spontaneous crystallisation will not occur after point B until the solution cools to point
C where seeding or the slightest shock or disturbance will bring about immediate
crystallisation. Further cooling may be required to some point D before crystallisation
can be induced especially with very soluble substances. Similarly, removal of solvent
from point B’ will bring about spontaneous crystallisation at point C’. Penetration does
not normally occur into the labile region because the evaporation takes place at the
surface and it is unlikely that the entire surface reaches the solubility indicated at point
C’ at the same time. It is more likely that some areas reach point C’ and form seed

crystals while the rest of the solution is at some point in between B” and C’. The seed
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crystals in the metastable region will then grow so that the bulk solution never in fact
reaches concentration C’. A combination of both cooling and solvent evaporation are

used more frequently in practise and are represented on the graph by points B”* to C*.

1.1.3 Nucleation

Nugcleation is the process of development of minute solid bodies, embryos, nuclei or
seeds in a solution that must occur to act as centres of crystallisation, before crystal
growth can proceed. Nucleation may occur spontaneously or it may be artificially

induced™ by e.g. mechanical shock, friction, agitation extreme pressures etc.

Generally, there is no standard terminology to describe types of nucleation, therefore in
order to avoid confusion the terminology referred to here needs to be clearly defined.
The term ‘primary’ refers to cases where nucleation occurs in systems that do not
contain crystalline material. Secondary nucleation, however, refers to the case in which
nuclei are generated in the vicinity of crystals present in the supersaturated system.
This is illustrated below in Fig. 1.1.4.

NUCLEATION

PRIMARY SECONDARY

/ \ (induced by crystals)

HOMOGENEOUS HETEROGENEOUS
(spontaneous) (induced by foreign particles)

Fig 1.1.4 Scheme introducing nucleation nomenclature.

1.1.3(a) Primary homogeneous nucleation

In the process of formation of a stable crystal nucleus within a homogeneous fluid, it is
assumed that a number of constituent molecules must coagulate and become orientated
in a fixed lattice. For example, sucrose is thought to require 6 sucrose molecules to
form a stable nucleus. It is proposed that the process of nuclei formation is likely to be

via the bimolecular addition scheme shown below in Equations 1.1.1to 1.1.3.

A + A === A (Eqn. 1.1.1)
A+ AT A (Eqn. 1.1.2)
A, + A = A (critcal cluster) (Eqn. 1.1.3)
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Each molecular addition to the critical cluster results in nucleation and crystal growth
which can only occur in regions of very high supersaturation. Short lived clusters can
form, but many fail to achieve maturity because of instability. However, if a nucleus

grows beyond a certain critical size, it becomes stable in the bulk of the fluid.

Excessive supercooling does not aid nucleation and in many cases may decrease the
tendency to nucleate. Although nucleation can theoretically occur at any temperature,
in practice there is an optimum range over which nucleation will occur. If the solution
system sets to a glassy, highly viscous state, the temperature must be increased to the
optimum region before nucleation may take place, decreasing the temperature further

will not affect nucleation.

It has also been suggested that there is an induction period i.e. a time interval between
the mixing of two reacting solutions and the appearance of crystals, which may range
from microseconds to days depending on the level of supersaturation.””! The interval is

thought to represent the time needed for assembly of a critical nucleus although this

may be oversimplified.

There are difficulties in investigating true homogeneous nucleation since impurity-free

solutions are virtually impossible to prepare.

1.1.3(b) Primary heterogeneous nucleation
Trace impurities in a system (solution or melt) can have a dramatic effect on the rate of
nucleation resulting in inhibited or accelerated rates. There are however no general

rules to be applied and each case must be investigated separately.

The addition of small particles to a supersaturated solution, known as seeding, is the
best method of inducing crystallisation, and is frequently used in industrial scale
crystallisers to control product size and size distribution. The seed crystals do not
always have to be the same as the material being crystallised. An example where
isomorphous substances will induce nucleation is the use of Agl, used as an artificial

rainmaker, suitable because it is very similar to the ice crystal. Seeding can also prevent
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crystallisation of thermodynamically unstable phases, for example, hydrates or

polymorphs, that may appear during other conditions of crystallisation.

Nucleation occurs in local regions of high supersolubility which are normally found
near or on the cooling surface. However, crystallisation centres can also be observed
to grow from a point on the vessel wall, or on the stirrer. This phenomenon can be
explained either by the presence of small cracks or crevices on the surfaces that retain
minute seed crystals from previous crystallisations, or the surface may act as a catalyst
for nucleation ie. a surface that may induce nucleation at lower degrees of

supercooling than required for spontaneous nucleation.

1.1.3(c) Secondary nucleation

Secondary nucleation is distinguished from primary nucleation simply by the definition
of whether there are crystals of the solute initially present in a supersaturated solution
or not respectively. Where crystals are present, secondary nucleation will take place at

a lower supersolubility than primary nucleation."*"!

Investigations have also found that there are several examples where seed crystal size
may influence secondary nucleation rates. Large seeds have been found to generate
more secondary nuclei in agitated systems than do small seeds because of greater
contact potentials and collision energies, as would be expected. However, the number
of seeds added may not have an effect on secondary nucleation rate unless the number

of seeds of the optimum size is increased.

Although there have been a great many theories proposed to explain secondary
nucleation (and nucleation in general) no single theory can offer a suitable explanation

for all the phenomena observed.

1.1.4 Crystal growth
Following the formation of stable nuclei from a supersaturated or a supercooled
system, crystal growth takes place, resulting in crystals of variable size. There are

many proposed mechanisms of crystal growth which can be separated into several
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groups from surface energies (which have been abandoned in recent years) to diffusion
theories, and more recently adsorption layer theories which are more generally

accepted in modified forms .

1.1.4(a) Surface energy theories

One of the first theories of crystal growth put forward which gained serious
consideration from crystallographers was that by Curie.""” He suggested that there was
a connection between the crystalline form and the surface energy of the solid, which
was the total sum of the surface energies from all the faces. Later work suggested that
the crystal faces would grow at rates proportional to the respective surface energies

i.e. the equilibrium shape is related to the surface energies.""®

The surface energy should however be inversely proportional to the lattice density of
the plane such that faces having low lattice densities would be expected to grow more
rapidly. The velocity of growth of a face on a crystal is defined as the outward
movement of a face in a direction perpendicular to the direction of growth. To
maintain constant interfacial angles in the crystal during growth or dissolution, each

layer would have to be parallel to the preceding or previous layer respectively.

1.1.4(b) Adsorption layer theories

The original concept of crystal growth via adsorption of solute molecules onto a
crystal face was suggested by Volmer in 1939."" 1t is based on the fact that when a
crystallising particle arrives at a crystal surface it only loses a portion of its latent heat.
This process results in the particle remaining bound to the surface but is free to migrate

over the crystal face. This is effectively the same as loosing one degree of freedom.

The adsorption layer becomes like a ‘third phase’ and is a loosely adsorbed layer of
integrating units at the interface which is in dynamic equilibrium with the bulk solution.
This layer is assumed to play an important role in crystal growth and secondary
nucleation. Kossel suggested a model which was made up of monolayers growing
across a crystal surface containing one or more kinks."® In addition, he suggests there

are vacancies on the surface and loosely adsorbed growth units (atoms, molecules or

14



ions). Incorporation of the growth units would occur most easily at the kinks and
growth would continue along the step until the face was eventually complete. Surface
nucleation commonly occurs at the corners and creates a fresh step for growth. The
Kossel theory, however does not explain rapid face growth at low supersaturation,

lower than normally required for surface nucleation.

A solution was given by Frank, who postulated that crystal growth never occurred in
the ideal layer-by-layer fashion but had many imperfections.""” The most significant is
the screw dislocation that perpetuates growth while not requiring further nucleation.
Surface diffusion of adsorbed layers obviously plays a major role in this growth
mechanism, however very little is known about the process. In addition, ion
dehydration in or near these layers must complicate factors. Further reviews on surface

and bulk diffuse models of crystal growth have been published.”* -

1.1.4(c) Diffusion-reaction theories

Diffusion theories of crystallisation date back as early as 1897,'* where the rate of
deposition of solid on the face of a growing crystal was considered to be a diffusional
process. This theory assumes that crystallisation is the opposite of dissolution, and that
there is a thin stagnant film of liquid adjacent to the growing crystal face. For

crystallisation to proceed, diffusion of the solute molecules through the stagnant film

must occur.

The degree of agitation would have a significant effect on the thickness of the stagnant
film. Therefore it would be possible that an infinite range of rates of crystal growth
could be obtained which would be dependent on the agitation of the crystallising
system. Diffusion, however was not the only factor requiring consideration in the

mechanism of crystal growth.
Dissolution rates were generally found to be faster than crystallisation rates, under the

same conditions of temperature and concentration, suggesting that crystallisation and

diffusion processes were not, in actual fact, the reverse of each other. In addition to
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this, measurement of refractive indices near a crystal surface indicated that the solution

was not saturated, but supersaturated.”!

These facts led to modifications of the diffusion theory and consequently a two-stage
process was suggested.”>*"! The first step was the diffusion process, where the solute
molecules are transported from the bulk solution to the solid crystal surface. The
second, a first-order ‘reaction’ where the solute molecules arrange themselves into the

crystal lattice.

1.1.4(d) Combinations of effects

The crystal growth mechanisms considered for the purpose of this thesis have been
described simply and there are several other complicated factors that may be
considered. In reality, crystallisation is a complex process and the application of one
theory to determine crystal growth is not usually possible. In any complete analysis of
the growth process the combined effects of diffusion, surface integration and size-

solubility may have to be considered together.

1.1.4(e) Crystallisation from melts

The process of crystallisation from melts must be mentioned, however, details will be
limited to basic theory. The rate of crystallisation from a melt is dependent upon the
rate of heat transfer from the crystal surface to the bulk liquid. Since the change of
liquid phase to solid phase involves the evolution of heat of crystallisation, the surface
of the crystal will generally have a slightly higher temperature than the supercooled
melt. Like diffusion theories discussed in Section 1.1.4(c), there is a similar relationship
with agitation and film thickness i.e. agitation will reduce film thickness, increase the
heat transfer to the surface and lead to an increase in temperature of the surface

crystal to close to its melting point.

16



1.2 MAGNETISM AND BACKGROUND OF APPLIED FIELD

EFFECTS
The purpose of this section is essentially to provide the background theory to

consideration to the effects of applied fields.

1.2.1 Classification of magnetic materials

In general, the more ‘molecular magnets’ are aligned inside a magnetic material, the
stronger is its magnetic effect. A material reaches magnetic saturation once all its
molecular magnets are aligned and no further increase of its resultant magnetic effect is
possible. A material may be classified as a hard or soft magnetic material. The former
describes materials which retain their magnetism fairly well after being magnetised,
with only a small number of molecular magnets reverting to the random orientations
once the magnetising force has been removed. The latter term describes materials
which lose most of their magnetism once the magnetising force has been removed. The
majority of the molecular magnets, which are easily aligned by the applied magnetising
force, readily assume their disorientated and random state. All substances are affected
by magnetic fields and are classified as being diamagnetic, paramagnetic,

ferromagnetic, antiferromagnetic or ferrimagnetic.

1.2.1(a) Diamagnetic

Diamagnetic substances have a negative susceptibility. Apply an external magnetic field
to a diamagnetic material and the external field is slightly reduced because of an
interaction of the atomic electron orbits produced by the field.”® All substances have
a basic diamagnetic term which is nearly always a constant value independent of
temperature. Diamagnetism is due to the effect of applied fields on the movement of
the inner electrons. There is no spontaneous magnetisation and atoms have no
permanent dipole moments.” Examples of diamagnetic materials are inert gases,
copper and mercury, silicon and sulphur, ions such as Na', N, and water and most

organic compounds.

1.2.1(b) Paramegnetic
Paramagnetic materials have positive magnetic susceptibilities. Apply an external

magnetic field to paramagnetic materials and the external field is slightly increased by
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the alignment of electron orbits, but much more weakly than ferromagnetic materials.
Above the Curie temperature ferromagnets become paramagnets. The magnitude of
this effect is stronger than diamagnetism however, there is no spontaneous
magnetisation and atoms have permanent dipole moments. Examples of paramagnetic
materials are some metals including chromium and manganese, some diatomic gases

such as O, and NO, ions of transition metals and their salts and rare earth oxides.

1.2.1(c) Ferromagnetic

Ferromagnetic materials have a very large positive magnetic susceptibility.
Ferromagnetic materials have a critical temperature, known as the Curie temperature.
If the temperature is raised above this temperature these ferromagnetic materials revert
to paramagnetic condition. The Curie temperature can be defined as the temperature at
which spontaneous magnetisation becomes zero. The magnitude of the effect is large
below the Curie temperature since atoms have permanent dipole moments and
interaction produces 11 alignment. The only elements which are ferromagnetic are
iron, nickel, cobalt, gadolinium and dysprosium.”* Ferromagnetism also occurs in
many alloys containing these elements and in other alloys made up entirely of non-

ferromagnetic elements such as MnBi and Cu,MnAl.

1.2.1(d) Antiferromagnetic

Antiferromagnetic materials resemble paramagnetic materials in that they have small,
positive susceptibilities at all temperatures. However, their susceptibilities do not
increase steadily as the temperature decreases all the way down to absolute zero. The
materials are characterised by a relationship between susceptibility and temperature
which has a sharp discontinuity at a critical temperature, in this case called the Neel
temperature. Below this temperature the material is ordered and antiferromagnetic,
while at higher temperatures it is disordered and behaves as a paramagnetic substance.
Atoms have permanent dipole moments and interaction produces T alignment. Many
compounds of transition metals behave in this way such as MnO, CoO, NiO and

Cr203.
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1.2.1(e) Ferrimagnetic

The ferrimagnetic material group may be considered as a special case of
antiferromagnetism. The atoms have permanent dipole moments and interaction
produces T| alignment, but the moments are unequal. Examples of ferrimagnetic
materials are magnetite (Fe;0,), maghemite (y-Fe,Os;) and mixed oxides of iron and

other elements.

1.2.2 Permanent magnets

Permanent magnets are possible because magnetism exhibits the phenomenon of
hysteresis: when the magnetising force applied to a body is changed and then restored
to its original value, the resulting magnetisation of the body does not return to its
original condition. If H (the magnetising force) is changed cyclically between values
of +H. and -H. the value of B (the induced magnetic field) follows a closed
symmetrical loop. When dealing with permanent-magnet properties, however, interest
rarely centres on the complete hysteresis loop because permanent magnets operate in

the second quadrant where B is positive and H is negative.

1.2.2(a) Classification of Permanent-Magnet materials

Classification of permanent-magnet materials is divided into (i) Alnico (Fe-Co-Ni-Al)
series, (i) Ferrites, (iii) Steels, (iv) Precipitation-hardening alloys, (v) Cobalt-rare earth
alloys and (vi) Miscellaneous alloys. Permanent magnets may be used in any branch of
technology and the design of the magnet system is important. The range of different
permanent-magnetic alloys in each of the above categories makes good provision for
an adequate selection of material for a particular application. For the work undertaken
in this thesis the permanent-magnet materials were ferrites in the form of flat plates.
The ferrite used was a barium hexaferrite with the general formula Ba,Sr;5Fe;0;,

where x can have any value between 0 and 1.

Design of magnetic components in systems must ensure that materials chosen remain
stable in the specific working environment or that any changes be predictable. The
main cause of magnetic instability are temperature changes, exposure to stray magnetic

fields and mechanical shock or vibration, although in each case the same underlying
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mechanism is possible. When a magnet is fully magnetised it is thermodynamically
unstable with the least stable domain trying to return to a state of lower energy by
domain boundary movement or reversals. If the magnet is subjected to stray magnetic
fields or if thermal agitation is increased by a rise in temperature, then these unstable
domains are the first to revert to their equilibrium state, leading to a loss of
magnetisation in the magnet. Deliberate flux reduction can be affected by the
application of a small alternating field which affects the unstable domains and since
these have already relaxed a subsequent increase in temperature will have a reduced
effect. Thus, stabilisation by alternating flux reduction is a good general insurance
against further loss, but for the highest stability requirements this should be followed
by repeatedly passing it through a temperature range slightly wider than that which the

magnet will be exposed to.

Magnetic materials differ greatly in their structural stability. The ferrites are
structurally quite stable until temperatures well above the Curie point (approximately
450°) are reached. In the work in this thesis, temperatures used were too low (<50°C)
to present any possible losses in flux density. Additionally, efforts were made to ensure
that magnetic components were isolated from one another to prevent loss from stray

fields and that vibrations and shocks were kept to a minimum.

1.2.3 Electromagnetic fields
The magnetic fields of the individual turns of wire in a solenoid add up to give the
overall magnetic field of the solenoid. Inside the solenoid the lines of magnetic flux are
closely packed and straight. They are all equidistant. Outside the solenoid the lines of
magpnetic flux open out and then close in a long loop. The magnetic flux density inside
the solenoid is thus much greater than on the outside. Furthermore, the internal
magnetic field is evenly distributed i.e. it is uniform. The end of the solenoid from
which the lines of magnetic flux emanate is called the north pole (as in the case of a bar
magnet) and the end where they re-enter, is termed the south pole. The north and
south poles can be readily determined by the clock rule:

If the current flows through the solenoid in a clockwise direction, one sees it

as the south pole.
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If the current flows in a counter-clockwise direction, one sees it as the north

pole.

A current-carrying solenoid produces magnetic flux in the same way as a permanent
magnet. The magnetic flux of a solenoid can be considerably increased by insertion of a
ferromagnetic core, without having to increase the number of turns in the solenoid or
the current. The reason for this increased magnetic flux is the alignment of the
molecular magnets of the core material due to the magnetic field of the solenoid. The
molecular magnets assist the solenoid magnetic field and by the correct choices of a

suitable core material it is possible to increase the magnetic flux many times over.

1.2.4 Pulsed magnetic fields

Transducers produce complex pulsed electromagnetic waveforms which are fed to a
ferrite core. It was designed specifically to be placed around a pipeline and the signal is
propagated in both an upstream and downstream direction. The version of this unit
type (Supplied by Hydropath™! ) used in the present studies was a Hydroflow HS38
pulsed magnet and uses a 5V supply. The sample must be placed in the centre of the
magnet to allow propagation of the generated signal into the fluid medium. The
frequency of oscillation is between 100 to 160 kHz and a typical waveform is shown in
Fig. 1.2.1. There is speculation as to how this device actually induces a field into the

flowing fluid as the manufacturers claim that it is due to the ‘skin-effect’.
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Fig. 1.2.1 Typical waveform of the Hydroflow HS38 pulsed magnet.
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1.2.5 Background of the Effect of Applied Fields

The literature contains much evidence that magnetic field phenomena arise as a result
of the application of an applied magnetic field. The concept of the interaction of
applied fields with charged species is not new and neither is the controversy which
surrounds it. The lack of a suitable theory and explanation to cover all the reported
effects on the application of magnetic fields has fuelled the argument over explanations
of observed effects. In addition, most experiments quoted are rather qualitative and the

results are not necessarily reproducible.

1.2.5(a) The origins of magnetic treatment

The effect of applied fields was observed and recorded as early as 1847 on the
diamagnetic conditions of flame and gases,”” however, the magnetic treatment of
water for scale prevention and removal of accumulated scale is probably the most
common application of magnetic treatment. This was patented in 1945 by Vermeiren

who is recognised as discovering the effects of magnetic fields on water.™”

More recent literature has been published by Eastern European countries for the
magnetic treatment of water describing the effect on water-formed scale deposits. The
data presented in the Eastern literature appear in many cases to be in conflict and

adequate information concerning reproducibility and precise conditions in the working

solutions was lacking,***!

1.2.5(b) Other examples of the application of applied fields

The literature includes many examples where magnetic treatment has been used for

purposes other than descaling or scale prevention.

Construction of a pulsed magnetic field treatment apparatus used for the study of the
effects of magnetic fields on the pulp in a flotation cell is documented.”® Strong
effects of the pulsed magnetic field on flotation were observed from a large number of

experiments.
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Magnetic treatment of water used in concrete manufacture improves its quality,
including strength, density and frost resistance.! The concrete porosity and water
absorption were lower, causing a shorter hardening period. Magnetic treatment of hard
water was concluded to result in increases in both tensile and compressive strengths of

Portland cement, sulphate resisting Portland cement and oilwell cement.!**

It was reported that the quality of aviation fuels and oils is improved through magnetic

treatment. 1431

Treatment of colloid systems Al (OH); and Fe(OH); with magnetic treatment resulted
in a 12-14% decrease in the { (zeta) potential (charge associated with partice
surface).* The claimed mechanism was that the magnetic field caused dehydration of
the counterions which stabilise the colloidal system, and hence diminishing the
potential. It was also observed that the total surface area of the particles decreased,
and an increase was found in the electrical conductivity of the CaCO; slurry.
According to the results of statistical analyses, the changes in the above properties

were significant.

In the case of organic molecules, it was found that when benzophenone was
crystallised in a high magnetic field, the direction of the long axis of the needles formed
tended to align perpendicular to the direction of the magnetic field.*” With a more
complex organic molecule, a considerable degree of alignment was found when fibrin
was allowed to polymerise in a magnetic field and a possible effect on blood clotting in

vivo was suggested.*®!

A recent report has also suggested that application of a magnetic field can influence the
selectivity ratios in the nickel catalysed hydrogenation of fats such as sesame oil and

soybean oil.1*"!

A single crystal of silicon can be manufactured from melt using an applied magnetic
field resulting in longer single crystals having a larger diameter,"* which is of obvious

benefit to the electronics industry.
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Studies have been carried out on the effects of magnetic fields on the evaporation rate
of sugar solutions.” Results showed that viscosity, surface tension and boiling point
of a solution decrease and the evaporation rate increases when a solution is treated
with a suitable magnetic field. The magnetic field not only affects the solvent (water)

but also on the solute (sugar) and the whole solution system.

Applied fields were shown to dramatically increase the reaction rate of anionic
polymerisation of acrylonitrile and by acting upon the ion pair catalyst species, propan-
2-oxide and potassium hydroxide. In addition to this several examples are
demonstrated where applied magnetic fields interact with charged species in

solution.’”

A number of different systems were studied in detail, on the effects of externally
applied magnetic fields on charged species in solution.™ The effects of applied
magnetic fields on plant growth of french dwarf beans (P. Vulgaris) demonstrated
differential plant growth that was attributed to the direct field-charged species
interactions with charged surfaces of the root membranes. Accelerated settling
characteristics of aluminium hydroxide flocculations under applied permanent magnetic
field conditions of study were interpreted in terms of direct field-charge interactions at

the solid-liquid interface and of the charge interactions involved in the dehydration of

aluminium hydroxide hydrates.

Changes in rates of electrodeposition of metal species from dilute aqueous solution
were observed under applied magnetic fields and were demonstrated to be dependant
on a number of factors; (1) direct field-charge interactions affecting the Lorentz
energy, (2) the relative motion of the charged species, and (3) cluster formation in
relation to the diffusion layer thickness and the effects of these on electrodeposition

rates.
Magnetic fields were also reported to result in hypochromic and hyperchromic shifts
in absorption intensities of Lanaset Red 2B and Methylene blue dyes under static

conditions in the presence of applied magnetic fields.
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1.2.5(c) Evidence of the effect of applied fields

The effect of applied fields has been studied using measurements of different physical

parameters under different conditions. Some of these are mentioned below including

the observed changes as a result of the applied fields.

Effects on crystallinity/morphology - of the three calcium carbonate polymorphs
(calcite, aragonite and vaterite) calcite is the most thermodynamically stable form
at standard temperatures and pressures.") However, the surface temperatures
commonly encountered in systems such as heat exchangers and boilers, aragonite is
normally the first phase to be precipitated out of solution. Magnetic treatment has
been found to cause differences in the crystal habit of the precipitate.™**!! A study
of DL-valine resulted in alteration of the crystal form from flat plates to small
discreet crystals under applied magnetic field conditions, and a similar study of
anthranillic acid resulted in the formation of microcrystalites within applied
fields.®™ On the other hand, promotion of calcite has been reported when
supersaturation is achieved.”™

(54,57-59)

Changes in nucleation and growth - both acceleration and suppression

153.56.60] have been noted in the literature.

Effects on coagulation - many researchers claim that the principal action of
magnetic treatment devices is through formation of hydrophilic crystallites
following interaction with a magnetic field with modified surface charge instead of
attached scales.®**®" This implies that colloidal stability is influenced by the
application of a magnetic field. Growth on existing scale is thermodynamically
favourable!®? and for a magnetic treatment device to prevent scale or produce
descaling it could act so as to alter the size and surface charge of growing
crystallites, thereby increasing their tendency to remain entrained within the bulk of
the solution. Prevention of scaling thus takes place by avoiding precipitation on to
solid surfaces. However, this phenomenon is difficult to confirm for particles as

small as crystallisation nuclei.
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It was found that treatment of the colloidal solutions alone produced a more
marked effect than similar treatment of the electrolytic solutions (though treatment
of both solutions proved the most effective). Good correlation between
magnetically-increased colloidal stabilisation and decreasing particle size was

recorded '®!

Effects on corrosion (of metals) - magnetic treatment has often been reported as
having an effect on corrosion, although the published data is once again
contradictory in this respect. The corrosion rate of iron and steel has generally been
observed to increase as a result of magnetic treatment,® although a reduction in
corrosion has been reported.'® Reduction in corrosion has been reported for

(65,67

aluminium and zinc!®! whereas increased corrosion of active state titanium has

been reported.™

The corrosion rates of steel were found'® to increase with in increasing field
strength and corrosion solution, however slower flow rates have been shown to
promote stifling of the metal surfaces and decrease the overall corrosion rate
(stifling is described as a build up of insoluble corrosion products very close to the
reaction site, protecting it from further attack, i.e. competing corrosion effects are

taking place.

Influence on ionic strength - according to the literature, the magnitude of the

magnetic effect was dependent upon electrolytic concentration.¥’-7*7!

Effect on viscosity - small changes in viscosity, an increase of the order of 10” was

174751 using magnetic fields of up to 1200G. In some cases claims

reported for water
are made that a permanent change in the properties of water was observed after

exposure to a magnetic field.

Although the literature contains examples where applied magnetic fields have effects

that can be measured or studied, there is also a large amount of sceptical

literature'**’*® that has been unable to report any differences between ‘unmagnetised’
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and ‘magnetised’ samples. The scepticism with magnetic treatment has focused on

either the reproducibility of the observed phenomena, or the absence of a generally

accepted mechanism. The three main factors responsible for poor reproducibility of

experiments are summarised below:

(1)  Vanation in water composition,

(2)  The impact of external effects which are not taken into account (including
geomagnetic field fluctuations, and

(3)  differences in the conditions of treatment and measurement.

1.2.5(d) Proposed mechanisms

Water can be affected by magnetic treatment, the fact is unquestionable, but there are
still many inconsistencies in the theories that have been proposed to explain it.
Postulations that the effects of the magnetic field might be connected with some
changes in the structure of the water include: ion displacement, the deformation of
their hydrated sheaths and the formation of aqueous calcium complexes in addition to
the formation of pre-nuclear clusters. In addition, more substantial effects are known

to occur in heterogeneous systems.”®

Several water quality parameters were monitored such as total dissolved solids,
alkalinity etc. in order to develop a model for predicting calcite nucleation, and the
results indicated that the nucleation of calcite crystals was enhanced by application of
magnetic and electrostatic fields.”" It was suggested that the electrostatic or magnetic
fields induced velocities which may contribute to molecular collisions, which if

successful contribute to nuclei formation.

A study that subjected triple distilled water to permanent magnetic fields resulted in
permanent measurements of increased pH, decreased surface tension and increased
dielectric constant.” They inferred that the decrease in concentration of H;O' ions
probably resulted from a change in the ionisation constant of water under the influence
of the magnetic field, however no mechanisms were suggested for these changes and

no statistical results were quoted.
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A mechanism was postulated to interpret the nature of the observed coagulation in
colloid systems.”™ When a CaCO; suspension coagulates following magnetic
treatment, the resulting surface area decreases which causes some of the ions which
have been adsorbed by the particles to re-enter the liquid phase. The result of this is a
decrease in the thickness of the diffuse layer and thus a decrease in { potential and also

changes in the concentration of the ions in solution.

A mechanism whereby CaCOs scale formation is prevented by magnetic treatment has
also been suggested on the principle of ‘magnetohydrodynamics’.®!! The magnetic field
is said to add energy to charged particles within water such as ions and small solid
particles with electrostatic charges. The energy is thought to arise from the momentum

of the particles and remains with these particles as surface energy.

The principle of magnetohydrodynamics has been represented by Equation 1.2.1:

Er = Es + Eing = Es + (VxB) (Eqn. 1.2.1)
where Er = total electric field vector (NC™),
Es = static electric field vector in the absence of fluid flow
(NCY),
Ewa = electric field vector induced by the fluid flow,
\% = flow velocity vector, (ms™), and
B = magnetic field vector (T).

From this equation a hypothesis using variables which can be experimentally

determined was proposed and is given by Equation 1.2.2:
er = es + (€inasL) (Eqn. 1.2.2)
=es + [(VXB).L]

where er = measured voltage (V),
es static voltage (V), and
L distance between two electrodes placed in the
magnetic field to measure voltage (m)
A commercial magnetic device was modified to induce potential differences and

currents when conducting solutions, which consisted of distilled water and up to
0.16M NaCl, flowed through the magnetic fields.”™ The magnitude of the induced
voltage was found to increase linearly as the flow velocity of the solution increased.
Alternatively, a higher voltage was induced with higher magnetic field strength at

constant flow. The slopes of the voltage versus velocity plots were independent of
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solution conductivity. A result which verified the hypothesis was to obtain B from the
slope versus velocity plot (since L was fixed) which was in agreement with the
measured field strength. Current increasing exponentially with increase in flow velocity
and increase in pH with increasing time, suggests that electrolytic reactions might exist

during the operation.

Other workers have suggested that magnetic fields change the behaviour of water on
solid surfaces.®® Changes in water adsorption due to magnetic fields were determined
from pressure changes to the water-solid systems which were in equilibrium. The
amount of adsorbed water changed, just after application of the magnetic field, and
reached a constant value within a few minutes and returned to the initial value on its
removal. Magnetic fields of below 7600 Gauss were reported to depress adsorption
while fields above 9600 Gauss were said to promote adsorption. There was therefore

thought to be an adsorption-to-desorption transition in the range 8000 to 9000 Gauss.

The phenomenon of descaling by magnetic treatment was also explained in terms of
modification of crystal nucleation, i.e. the charged particles of nuclei would be
subjected to considerable forces when passing through a magnetic field. It is suggested
that modification of the nature of the charges at the surface and consequently
modification of the growth of the crystals in general on specific planes is affected."””!
The influence of the magnetic field on crystal growth is thought to be due to effects on
the crystal surface and on the diffusion layer between the solution and the faces of the
growing crystal. Furthermore, the ‘Lorentz Effect’, which is defined as the combined
effects of an applied magnetic field, the charged species and the flow rate of the fluid,

could result in the production of energy that could be used to remove or prevent scale

formation. The Lorenz Effect has been formulated as shown in Equation 1.2.3:

FL = q [V.xB] (Eqn 1.2.3)
where Fp = Lorentz Force (N),
q = charge of the particle, and

v, moving velocity of the charged particle (ms™).
This is essentially the same as Equation 1.2.1, but without the effect of the static

electric field vector.™®
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Many workers have proposed that the principal effect of the magnetic field is the
creation of crystallisation nuclei.’®*”'*"! Others demonstrated (from thermodynamic
principles) that on the basis of current crystallisation theory, magnetic treatment could

produce no effect on nucleation and growth of crystals."?!

Assessment of the many proposed mechanisms for magnetic water treatment is made
difficult by the varied and often contradictory nature of the experimental results
presented. The integrity of reported results and their interpretation are compromised
by a number of factors:

1. irreproducibility by subsequent research,

2. inadequate or unspecified control of solution chemistry, in particular the solution

pH and the level of contamination by scale-adjusting ions, and

3. unspecified physical conditions, for example the magnetic field orientation and

treatment time.

The proposed mechanisms can be broadly divided into four basic categories:

1. Inter-atomic effects (e.g. changes in electron configuration),%8524103.104]

2. Contamination effects (due to magnetically enhanced dissolution),!** """

3. Inter-molecular/ionic effects (e.g. changes in co-ordination of water with
ions)’[l(i&lll-lﬂ] and

4. Interfacial effects (e.g. distortion of the double layer) [6%61-6370.56.10%.114-118)

In many cases mechanisms put forward involve Lorentz forces acting on moving
charged particles in the magnetic field, which increases linearly with particle charge,

particle velocity and orthogonal vector component of the magnetic field.

In relation to magnetic treatment of water applied to flowing systems it is worth noting
that the number of passes through a field may play an important role in the magnitude
of the observed effects. Single pass systems can be associated with the large number of

(647983951 with the very few exceptions."™ The reported

sceptical published data
negative results for single pass systems is in contrast to the many apparently positive

results reported in both the scientific and trade literature for recirculatory or other
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systems where magnetic exposure is prolonged."*”! In particular, the number of passes
through a magnetic field has been shown to increase with surface tension and viscosity
depression of a sucrose solution, up to a maximum of 5 to 6 passes, but as the number
of passes through the magnetic field goes beyond this (up to 8 passes), the magnetic

effects on the solution reduce.

Some literature exists on a phenomenon known as the thermodielectric effect first
documented in 1950.""" Costa Ribeiro discovered that electric charges are always
produced at an interface between a solid and a liquid and may be observed when a
phase change is occurring. In addition, charge transfer is produced in other changes of

physical state when one phase is a solid.

Charge separation and migration is known to occur in a solution of camphor in
CCL."* In the presence of a non-uniform electric field the charges are forced to the
surface of the solution. External electric fields must influence a liquid at an interface
where the permittivity € undergoes an abrupt change and therefore Ag is not zero, as in
the bulk solution. As the field is increased, a force is exerted on the surface of the
liquid. If the field is strong enough, surface disruption takes place and spikes appear
and a nucleation centre is formed. As the field is further increased the spike grows into
a plate-like crystal. Similarly, ice nucleation is known to be influenced by non-uniform

electric fields. This is the inverse of the thermodielectric effect.

Similar effects occur using magnetic fields since the magnetic and electric properties of
molecules are analogous. Molecules subjected to applied electric or magnetic fields
will experience induced dipole moments or magnetic moments respectively. Phase
changes produced by inhomogeneous electric and magnetic fields are known as the
Evans effects, and Group theoretical statistical mechanics were carried out!*"
providing the following indications:
1. The electric and magnetic Evans effects depend on the different symmetries on the
liquid and crystalline sides of the interface. If there is no symmetry difference, there

is no effect.
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2. The interface between environments of different point group symmetry is in general
forced into that of a lesser symmetry. Thus, a crystal grows into a liquid, a crystal
into a gas etc.

3. The relevant consideration is the point group of the ENVIRONMENT either side
of the interface, NOT the point group of the molecules themselves. In
consequence, electric and magnetic Evans effects are expected in molecular
solutions, suspensions, colloids, aggregates etc. where the environmental point
groups are different either side of the interface.

4. The mechanism proposed accounts for the fact that the field gradients produce
linear force through interaction with the appropriate molecular multipole moment.

5. The point group analysis can be extended straightforwardly to interactions of

electromagnetic fields with environments either side of the interface.

Because of the relevance to the work contained in this thesis it is worth noting the
results of a study published on sodium nitrate crystals grown in magnetic fields from
aqueous media.!"'* It is proposed that the resulting crystals contain a small amount of
geolitic water which was identified using NMR. A peak at 5.53ppm was found in the
spectra which was observed to be a broad curve in the controlled crystal sample. It is
postulated that the water insertion into the crystal occurs while solute clusters are
crystallised as a result of aggregating in the solution. These findings mean that a small
amount of water exist in crystallised solute clusters and that the rotation and/or

vibration of the controlled water molecules are more restricted than those of exposed

ones.

1.2.5(e) Conclusions

Most of the antiscale reports support the Lorentz forces mechanism and can be used to
explain the possible action of the magnetic effect on the electrochemical double
layer™! which envisages isotropic distortion of the diffuse layer. A change in the
charge distribution within the double layer caused by displacement of co- and
counterions by Lorentz forces is thought to result in a semipermanent change in the
charge and potential at the boundary of the Stern Layer. This mechanism could explain

both coagulation and crystallisation behaviour whilst offering a quantifiable
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performance parameter in the form of the { potential changes, however it does not
explain coagulation effects recorded under quiescent conditions, downfield effects or
on solutions containing no suspended matter. However, the Evans effects seem to

provide a mechanism which is capable of explaining these phenomenon.

1.3 TECHNIQUES USED FOR ANALYSIS
For the purpose of this thesis, it is necessary to describe the theoretical principles and
practical aspects behind the techniques used to analyse and characterise the crystalline

materials prepared in this work.

1.3.1 Powder X-ray Diffraction
X-ray powder diffraction is a physical technique used in the characterisation of solids.
It has been in use since the early part of this century for the identification of crystalline

materials and for the determination of crystal structures.

X-rays are electromagnetic radiation of wavelength approximately 14, that lie between
gamma-rays and ultra-violet rays in the electromagnetic spectrum. They are produced
by high energy collisions of charged particles with matter. Usually a beam of
accelerated electrons is allowed to strike a metal target, such as copper, and this has
sufficient energy to ionise some of the copper 1s electrons. An electron from an outer
orbital (2p or 3p) immediately drops down to occupy the vacant 1s level and the
energy released in the transition appears as X-radiation. The transition energies have
fixed values, therefore a characteristic spectrum of X-rays results. For copper, the
2p—1s transition called Ka, has wavelength 1.5418A, and the 3p—1s transition, K8,
1.3992A. The Ko transition is usually used in diffraction because it occurs more
frequently and is more intense. In order to obtain a monochromatic X-ray beam, all

other wavelengths can be filtered out.
A finely powdered sample, which ideally consists of randomly orientated crystals, has

the power of scattering an X-ray beam incident on it because the separation of the

atoms in a crystal sample is of the same order of magnitude as the wavelength of
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X-rays. In such a sample, the various lattice planes are also randomly orientated and will
diffract the radiation in an analogous way to the refraction of light by an optical grating.
Every crystalline substance scatters the X-rays in its own unique diffraction pattern

producing a “fingerprint” of its atomic and molecular structure.

When crystals, which are regarded as being built of layers of planes, are struck by a
monochromatic X-ray beam, some of the X-rays are reflected such that the angle of
incidence equals the angle of reflection as shown in Fig. 1.3.1. The rest are transmitted to

be subsequently reflected by succeeding planes.

1 1
N0 A
d ot
Y B

Fig 1.3.1 Derivation of Bragg's law for X-ray diffraction
Two X-ray beams, 1 and 2, are reflected from adjacent planes, A and B, within the crystal.
For the beams to be in phase, beam 22’ has to travel the extra distance xyz compared to
beam 11°. Therefore, for beams 11° and 22’ to be in phase, the distance xyz must be equal
to a whole number of wavelengths. The d-spacing, d (the perpendicular distance between

pairs of adjacent planes) and the angle of incidence, or Bragg angle, 6, are related to the

distance xy by:
xy = yz = dsin@
and xyz = 2dsin6
and to be in phase xXyz = na, (where n is an integer)
Therefore 2dsin6 = nA Bragg’s Law (Eqn. 1.3.1)

It is only when Bragg’s law is satisfied that the reflected beams are in phase and interfere
constructively. At angles of incidence other than Bragg angle, the reflected beams are out
of phase and destructive interference occurs, therefore Bragg’s law imposes stringent
conditions on the angles at which reflection may occur. Diffracted beams are referred to as

reflections and the angle between incident and diffracted beam is denoted by 26 and not

simply &,

34



The basic information required in crystal structure determination may be obtained from the
intensity of each reflection. Each atom has a different number of electrons and the relative
scattering will vary according to this. As a result, two identical crystal lattices differing
only in atoms, will have different positions and intensities of refracted beams, and each

crystal species will diffract X-rays in a characteristically different way.!'*?

Since a sample of powder contains many small crystallites that are randomly orientated,
any one reflection at particular Bragg angle will result in cones of reflection.!"*! These are
observed as lines or peaks on the detector rather than the single points seen with single

crystals. A simplistic diagram of a Powder X-Ray Diffractometer is shown in Fig. 1.3.2.

\ Detector

P > p| (film or movable
Source (Cu) Sample counter)

Filter (Ni)
Fig 1.3.2 A simplified Diffractometer arrangement.
1.3.1(a) Interpretation

The d-spacings and their intensities are the most important features of a powder pattern.
The d-spacings (positions) of the lines in a powder pattern are governed by the values of
the unit cell parameters (a, b, c, a, B, v). The intensities provide information on the types
of atoms present in the sample. Intensities are recorded relative to the intensity of the
strongest line of the pattern which is arbitrarily assigned 100. For a particular substance,
the line positions are essentially fixed and are characteristic of that substance. Intensities
may vary somewhat from sample to sample, depending on the method of sample

preparation and instrument conditions.

The substance can be identified from its powder pattern either by the indirect method,

visual comparison of the pattern of the unknown sample with those of likely substances, or
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by the direct method, where the key spacings are measured and examined against indices
of known compounds. The powder method can also be used for the qualitative analysis of

crystalline phases.

1.3.2 Thermal Analysis

Thermal analysis refers to the group of methods in which some physical property of the
sample is continuously measured as a function of temperature, whilst the sample is
subjected to a controlled temperature change. Data obtained as continuously recorded
curves may be considered as thermal spectra. The most widely used techniques are
Thermogravimetry (TG) which involves measuring changes in weight, Differential
Thermal Analysis (DTA) and Differential Scanning Calorimetry (DSC) which monitor
changes in energy, and Differential Thermogravimetry (DTG) which is a method of
expressing the results of TG by giving the first derivative curve as a function of

. ,128
temperature or time."?41%

1.3.2 (a) Thermogravimetry (TG)

Dynamic thermogravimetry (TG) measures the weight of a sample as a function of
temperature, during controlled heating or cooling."*! Static gravimetry on the other hand
measures weight changes whilst the temperature is kept constant. This technique provides
quantitative information on weight changes and enables the stochiometry of a reaction to

be followed directly. In practice two types of process can be followed using TG:

Reactant) —  Producty + Gas

Gas + Reactantsgy —» Products

TG data of a sample is usually given in the form of weight loss against temperature,
although weight loss as a percentage of the original weight can be used instead of absolute

weight loss and a time axis can be used instead of a temperature axis.

Two temperatures are used in characterising a single stage weight loss process: the initial

temperature T; (the lowest temperature at which the onset of a weight change can be
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measured under the conditions of the experiment) and Ty, the final temperature (the
temperature at which the decomposition process appears to be complete). At a linear
heating rate, T is higher than T; and the difference, T; - T; is known as the reaction
interval. The extent of the reaction is not influenced by the instrumentation, but the rate of
reaction and T; and Ty are dependent on the experimental conditions. For example, in an
endothermic process T; and Ty both increase with an increase in heating rate. While TG
has a relatively low precision, it provides useful analytical confirmation and a fairly simple

and rapid method for the determination of water.

A number of physical and chemical process such as crystalline transition, melting,
decomposition etc may be followed using TG. The technique provides a useful
confirmation of a formula, and may aid suggestion of reaction schemes to account for

degradation of pure compounds.

1.3.2 (b) Derivative Thermogravimetry (DTG)

In a derivative thermogravimetry, the first derivative of the weight loss, dw/dt. Is
measured as a function of temperature or time. The DTG curve is therefore a plot of rate
of change of weight and the area under the curve is proportional to the total weight
change. The points of inflection are dependent on experimental conditions, especially
heating rate, however T; and T are usually much easier to identify than in simple TG plots.
In complex processes, e.g. decomposition processes, where overlapping reactions occur, it
is often easier to identify the reaction stages from the DTG curve than the TG curve.
Normally these techniques are most powerful when used simultaneously. DTG curves

often provide a better means of comparison with DTA and DSC than the corresponding

TG data.

1.3.2 (c) Differential Thermal Analysis (DTA)
Differential thermal analysis measures the temperature difference between the sample and
an inert reference material as a function of temperature or time, whilst both the sample and

reference material are subjected to identical conditions of heating or cooling. Any physical
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or chemical change occurring in the sample will be associated with a change in
temperature (At) relative to the reference material. For an endothermic process, the
temperature of the sample will be lower than that of the reference. For an exothermic

process, the temperature of the sample will be higher than the reference.

A differential temperature usually develops between the sample and reference even when
no physical or chemical change is occurring. Provided error due to sample mass and
packing density are negligible, this differential temperature will be due to differences in the
heat capacities and thermal conductivities of the two materials and usually manifests itself

as a baseline drift.

The area under a DTA curve, obtained by integration, represents the total heat change in
the reaction. DTA can therefore be used to study second order transitions in which no
heat change is involved e.g. some solid-solid phase changes, for example, glass transition
temperature. The baseline of the DTA trace will become irregular at the transition
temperature leading to changes in slopes above and below this temperature. However, if a
DTA peak appears at a temperature where TG shows no change in the sample weight,

then either a chemical reaction or phase transition has occurred.

1.3.2 (d) Simultaneous Thermal Analysis

The TG curve can assist in providing information on the thermal stability and change in
composition of the sample. The DTA curve indicates changes of state which are not
necessarily accompanied by mass changes, and DTG curve represents rate of change of
weight loss of sample. All three techniques run simultaneously can be used to identify
physical reactions (e.g. melting point) from reactions involving no weight change. A

typical Thermal Analyser is shown schematically in Fig. 1.3.3.

The system has 4 major components:
1. Sample holder-measuring system - which is made up of sample containers and

thermocouples,
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2. Furnace-heat source - which has a large uniform temperature zone,

3. Temperature programme module - which supplies energy to the furnace in such a
manner as to ensure a reproducible (and preferably linear) rate of change of
temperature,

4. Recording system - method of indicating and/or recording the emf (suitably

amplified) from the differential- and temperature- measuring thermocouples.

Readout
T _AT(AH)

1

Reference Amplifier
Juaction

atmosphere

Fumace

Tr .
Ts = ’ Sample Cell
. S R
. =]
-\_ COflﬁOl TC
Pr ;
Sample T ) og:;:::mg

Reference T,

Fig. 1.3.3 Schematic diagram of a Differential Thermal Analyser System.

1.3.2 (e) Differential Scanning Calorimetry (DSC)

The Differential Scanning Calorimetry technique is very similar to DTA, however there is
one fundamental difference. DTA is a dynamic technique that measures the temperature
difference between a reference and sample. Calorimetry on the other hand, keeps the
reference and sample temperatures the same and measures the changes in energy required
to do this. The close similarities in DSC and DTA techniques means that the data obtained

from either technique is usually very similar.

1.3.3 Scanning Electron Microscopy (SEM)
The Scanning Electron Microscope, initially constructed by Knoll and Ruska, is an

extremely versatile tool and is particularly useful for examining surfaces of materials.
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There are three types of scanning electron microscope in use today, the Transmission
Electron Microscope (TEM), the Scanning Electron Microscope (SEM) and the Scanning
Transmission Electron Microscope (STEM), but for the purposes of this work, only SEM

will be discussed.

1.3.3 (a) Resolution

Resolution is the most important consideration as it is the increase in resolution gained by
the use of electrons that is the whole basis of electron microscopy. The resolution is
inversely proportional to the electron wavelength (A) used. The ‘limit of resolution’ is
defined as the minimum distance between two points that allows for their discrimination as

two separate entities.

The resolution of a system is defined by Equation 1.3.2 below.

r = O6IA (Eqn. 1.3.2)
nsina
wherer = resolution,
0.61 = aconstant,
A = wavelength of the medium used (nm),
sin. = sine of the semiangular aperture of the lens, and
n = the refractive index of the medium in which the sample
lies.

De Broglie showed in 1924 that an accelerated electron beam has an effective wavelength

given by Equation 1.3.3 below.
A = 01/150 (Eqn. 133
vV )

where V = accelerating voltage.
For example, an 100kV accelerating voltage will result in electrons having a wavelength of
0.0039nm, five orders of magnitude shorter than visible light. In the electron microscope,

electron beams have wavelengths A ~ 0.005nm (60keV).

1.3.3 (b) Components of the SEM'"*®!
An SEM consists of an evacuated column containing an electron gun, electromagnetic

lenses, apertures, electron detector, specimen stage and possibly other detectors such as
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X-ray spectrometers. Modern SEM’s are electronically controlled with the exception of
the aperture. The control console houses all of the electronics and camera record tubes
and viewing displays, both of which are cathode ray tubes (CRT). A simple diagram,
illustrating the components of modern scanning electron microscopes, is shown in Fig.

134

Condenser Lens 7

Condenser Lens

Objective Aperture

Sthgmator mm
Scan Coils oS

[ Specimen Stage ]

Fig. 1.3.4 A simple illustration of the components of a Scanning Electron Microscope.

1.3.3 (c) The electron gun

The SEM’s produce a coherent beam of virtually monochromatic electrons which are
focused by electromagnetic lenses onto the sample. The most commonly used electron
source is the tungsten filament thermionic emission gun (see Fig. 1.3.5), which consists of
a bent tungsten filament cathode with V-shaped tip and a radius of about 100pum (the area
is 100x150pum). This is surrounded by a metal shield with a central hole called a Wehnelt

Cylinder or cathode shield.
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Filament

Wehnelt Clyinder

Anode

Fig. 1.3.5 Anllustration of an electron gun.
The anode, situated below the cathode, is at ground potential. If the filament is heated to
above 2700K, electrons are emitted from the filament tip and are accelerated away from
the gun by applying a high negative voltage between the cathode and anode. The kinetic
energy of the electrons is proportional to the voltage applied to the gun. The electrons can
be focused to a point below the cathode shield by applying a bias voltage of between O-
500V between the cathode and cathode shield. The sample chamber is kept under a
vacuum of 1x107 torr, which helps to reduce interference of the weakly penetrating
electron beam by gaseous particles and reduces oxidation of the tungsten filament,

therefore prolonging the gun’s working life.

1.3.3 (d) The electron lens

Electron microscopes use electron lenses which are designed to provide a magnetic field
almost parallel to the direction of travel of the electrons. The strength of the magnetic field
is proportional to the number of windings of the lens multiplied by the current through the
windings. Conversely, the effect of the lens on the electrons is inversely proportional to
the accelerating voltage applied to the gun. The function of the electron lens is to bring to
focus the beam of electrons produced by the gun. The focal length of a lens is the distance
between the lens and the focal point and is inversely proportional to the strength of the

magnetic field. Electron microscopes also contain small electromagnetic coils that are used
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to correct astigmatism, deflect the beam for alignment and to scan the beam into its

characteristic raster.

1.3.3 (e) Specimen stage

The samples for examination by SEM are mounted onto a specimen stage which is within
the vacuum system, therefore the samples have to be dry and able to withstand vacuum.
To enable examination of the sample, the stage has x, y and z translation, tilt and rotate
facilities. The stage is electronically grounded to the microscope to provide a conducting

pathway for the electrons.

1.3.3.(f) Construction and image formation

The electron beam generated by a tungsten filament thermionic emission electron gun and
accelerated by an accelerating voltage enters the condenser lens system where it is
demagnified, and then focused onto a sample by the objective lens. Between the objective
lens and the sample are a set of scan coils which deflect the beam in a rectangular set of

straight lines called a raster.

A fine probe of electrons interacts with the specimen to produce a variety of different
signals: high-energy backscattered electrons, low energy secondary electrons, absorbed
electrons, X-rays and cathodoluminescence. All the interaction products can be collected
and amplified to produce a signal which can be used to control the brightness of the
cathode ray tube. The nature of the interaction of the electron beam with the specimen will

be affected by topography, composition, magnetic and electric character of the specimen.

1.3.4 Polarising Light Microscopy (PLM)""*"

In order to explain the principles of Polarising Light Microscopy a brief background on
light is required. Light is the term used to describe a radiation which forms part of a wide
electromagnetic spectrum which also includes radio waves and X-rays. Visible light
usually refers to the limited part of the spectrum to which our eyes are sensitive i.e.

approximately 400 to 700nm wavelength.
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1.3.4(a) Properties of light

Light has a dual nature in that electromagnetic radiation is propagated as waves but
quantum theory is necessary to explain absorption, emission and photoelectric effects.
There is no easily constructed analogy which adequately illustrates or describes the
behaviour of light and its interaction with matter. Thus, light may for some purposes be
shown graphically as a 2-dimensional sine wave and can be described in terms of its
amplitude (A) and wavelength (A). For light waves, the wavelength determines the colour:
around 700nm corresponds to red light and around 400nm blue light. The ‘intensity’ of the
rate of energy flow or the ‘brightness’ is proportional to the amplitude. Most sources of
light are thermal sources and the light radiation is emitted by the behaviour of atoms in a
heated wire or gas. An individual atom emits radiation in short bursts producing short
trains of waves with no relationship between the instantaneous strength at the end of one
and the start of the next. Under these conditions, there is a change of phase between

successive wave trains.

When the phase difference (Ad) between two waves remains constant, the two waves are
coherent. If A¢ was variable, the waves would be incoherent. The path difference can be
obtained from measurement of A¢ since A is usually known. If light contains only one
wavelength, it is said to be monochromatic. In practice, a monochromatic source contains
a narrow band of wavelengths that is obtained using filters. The spectrum of the light
emitted from a monochromatic source has a number of narrow wavelength bands
containing most of the energy being emitted which are called spectral lines. These consist

of a narrow range of wavelengths defining a bandwidth, AA.

In free space (and air approximately), light waves travel with constant speed, ¢ of just
under 3 x 10°msec’. If light waves travel through a material in which the speed is
dependent on the wavelength, the material is said to be dispersive. Refractive index, n, is
as measure of the speed of light waves through a material and is defined so that n > 1

given by Equation 1.3.4 below.
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Refractive index, n £ (Equation 1.3.4)

]

c
where ¢ =  speed of light in free space, and
¢’ =  speed of light through material.

1.3.4(b) Interaction of light with matter

On encountering matter, light will be reflected, transmitted or absorbed. If the matter is
inhomogeneous, scattering or diffraction may also occur. The law of reflection of light at a
plane surface is well known and states that the angle of incidence of a plane wave on such
a surface is equal to the angle of reflection. Any incident wave E can be split into 2
components, €, and €, , parallel and perpendicular to the plane of the reflecting surface.
If the reflected intensities of a wave is plotted as a function of the angle of incidence, two
curves are obtained €; and €, . The reflectivity is different for each and €, falls to zero at
a certain angle which is dependent on the refractive index of the material and is known as
the Brewsters angle. This angle corresponds to the angle at which the reflected and

refracted waves are at right angles.

Reflecting material can be used to polarise light, since unpolarised light falling on a

material at Brewsters angle will produce reflected light that contains only the

€, component and so Brewsters angle is given by tan'n.

Light is refracted as it passes from one medium to another, i.e. the wave will encounter a
change in both velocity and direction. At a boundary, the angle of refraction r is related to
the angle of incidence / by Equation 1.3.5 given as illustrated in Fig. 1.3.6.

nsini = nsinr (Equation 1.3.5)

where n; = refractive index of the material of incidence,
n, = refractive index of the material of refraction,
sini = sine of the angle of incidence, and
sin r = sine of the angle of reflection.
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Fig. 1.3.6 Illustrating refraction of a wave passing from one medium to another.

If n; > nyand r = 90°, then sinr =1, and

imax = sir! —2’— (Equation 1.3.6)
1
where i max = the ‘critical angle’ of the material.

Where i is greater that / max, no light can enter the material of refractive index n,.

A light wave passing through a material loses energy by absorption. The amount of light
absorbed is an exponential function of the thickness of the material. Thus a beam of light

of intensity I, is reduced in intensity to I on passing through a thickness of material.

1.3.4(c) Interference

Addition of two plane polarised waves E, and E; travelling in the same direction polarised
in the same plane is simply the sum of the separate waves, Eg, and results in fluctuations in
intensity. When considering coherent waves, if E; and E, have an angular phase difference
of =, destructive interference results i.e. Eg is zero amplitude. Where the angular phase
difference is n (where n is even), constructive interference results and Eg has twice the
amplitude of either E; or E; and is in phase with both. Where both E; and E, differ in
angular phase by n/2 (where n is odd) Egr has an amplitude intermediate between E; and
E, and also differs in phase from both. In general, both maximum and minimum intensities

of light will be observed.

The use of white light instead of monochromatic will give rise to a series of colours with
increasing phase difference between the waves. The action of the polariser and analyser is

to produce a phase change so that the central or ‘zero-fringe’ is dark, not white. In
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general, two plane polarised beams with orthogonal directions will not interfere; they must

be in the same plane and from the same source to satisfy the conditions of interference.

1.3.4(d) Polarisation colours

Crossed polars are two polarising filters mounted ‘in series’ with the specimen between
them. Polarisation colours can be observed under a microscope with one ‘polaroid’ sheet
below the sample and one above. Normally they are orientated N-S and E-W and are at

minimum intensity conditions in this orientation.

To produce polarisation colours, a beam splitter must be used to split the incident light

which undergoes a phase change. The components are recombined in the same plane and

result in amplitude and intensity variations. Transparent media behave in one or two ways
to transmitted light:

(a) single refracting or isotropic materials have only one speed of travel of light no
matter what its direction of travel and place no restriction on the vibration direction of
light, and

(b) doubly refracting or anisotropic media, in general split a wave entering them into
two components which travel at different speeds (or have different refractive indices)
in different directions and vibrate at 90° to each other. This property is characteristic
of the material and is controlled by its atomic structure.

The amount of path difference, A of the faster component over the slower one through the

medium depends on the thickness of the medium, t, and the difference of the two

components (n, - nz) is given in Equation 1.3.7 below. This is termed birefringence.
A = t(n-m) (Equation 1.3.7)

To satisfy interference conditions, parts of the two component waves produced by

birefringent materials must be brought into the same vibrational direction. The second

polarising filter performs this task, and when set at 90° to the first, shows any single

refracting background as black.
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If white light is used, a sequence of colours - Newton’s scale of polarisation colours - is
produced, which may be regarded as white light minus those colours or wavelengths
which are interfering destructively. This technique is useful in distinguishing orientations
of crystals since the slow and fast vibration directions will produce different polarisation
colours. The function of the microscope is to magnify the specimens and view in more

detail the crystal surfaces.

1.3.5 Nuclear Magnetic Resonance"*

Nuclei that have an odd number of protons or neutrons (or both) ie. I = 35 have
quantized spin. An external magnetic field will cause a ‘split’ in the nuclear energy levels
and in the simplest examples (such as 'H, "°C, F, *Si and *'P) two spin energies will
result. The energy difference observed is proportional to the strength of the applied
magnetic field, but the energy gaps are much smaller. The wavelength of the incident
(microwave) radiation is generally kept constant while the strength of the magnetic field is
systematically varied. Absorption occurs when the nuclei are boosted from the more

populous ‘lower spin energy level’ to the ‘higher” level.

The frequency, v, of the field required to induce a transition between adjacent levels is

given below in Eqn. 1.3.8

_E _ 1 (Equation 1.3.8)
h 2n
where E = is the energy of the nucleus,
h = isPlanck’s constant,
y = is a constant for a nuclear species known as the

magnetogyric ratio, and
H,= is the applied external magnetic field.

The Boltzmann distribution may be used to calculate the ratios of the number of nuclei in
the energy levels between which transitions occur. At room temperature it is found that
the lower energy level is slightly more populated, thus a net absorption will occur. This
absorption of energy is detected electronically and reproduced graphically giving the
observed peaks in the NMR spectrum.
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It can be seen that resonance for a particular nucleus will occur at a certain combination of
v and H,. This resonance condition may be reached by either varying v and keeping H,
constant or vice versa. It is usual to keep v constant and the magnetic field is swept until
resonance occurs. Nuclei of the same type would be expected to resonate at the same field
values, but this is not observed. Electrons surrounding nuclei in a molecule modify the
magnetic field experienced depending on its position within the molecule. The nuclei are
magnetically screened and the magnitude (and sign) of the screening depends on the local
electron density and neighbouring groups. Nuclei in different chemical environments will
be shielded to different field values which will be characteristic of that chemical

environment.

It is usual to measure the resonance position of a nucleus from a zero point reference
position which is the resonance of a suitable compound. In proton NMR spectroscopy,
tetramethyl-silane is frequently chosen as the reference compound due to the single
resonance from the methyl protons which occur at a higher field than the majority of other

proton resonances.
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Fig. 1.3.7 Schematic diagram of an NMR Spectrometer.
Figure 1.3.7 below is a schematic diagram of an NMR spectrometer. The sample is placed

in a small glass tube whose cross section is kept small (normally a few mm). The tube is
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then placed in a non-magnetic sample holder which is spun at a rate of several hundred
revolutions per minute to increase the homogeneity of the magnetic field throughout the
sample. The sample holder is then placed between the poles of the magnet (B,) which may
be either an electromagnet or a permanent magnet. For high resolution spectra the field

homogeneity between the pole pieces must very high.

The straightforward methods of NMR detection for powdered and amorphous solids is
fairly limited because spectral details will not generally be observed. Since many
interactions have an angular dependence, chemical shift resolved spectra are obtained by
rapid rotation of the sample around an axis inclining at the ‘magic’ angle of 54°44° against

B, as shown in Fig. 1.3.8.

d

@ ) |
|

[

Fig. 1.3.8 ‘Magic Angle Spinning’ of a specimen in a field of a solenoid under the magic
angle of 54°44°.

Normally in order to obtain information from a powdered sample, a combination of
decoupling and magic angle spinning is required (in combination with multiple pulse
sequences) in order to improve the signal to noise ratio of the spectra as demonstrated in

Figures 1.3.9 to 1.3.12.

Fig. 1.3.9 "C spectrum without decoupling and rotation.
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Fig. 1.3.10 “C spectrum without rotation, Fig. 1.3.11 MAS only, no proton
but decoupling with 48 kHz decoupling. Note the low
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Fig 1.3.12 MAS and decoupling. The linewidth is narrowed as is the Signal to Noise
ratio.

1.3.5 Karl Fischer Titrations

Karl Fischer titration equipment is essentially an extremely sensitive technique used to

measure moisture content within solids. The technique is based on the following reactions:

CH;OH + SOz + RN —>  [RNH]SO,CH,
[RN = base]
H,0 + I, + [RNH]SO,CH; + 2RN — > [RNH]SO,CH; + 2[RNH]I
The sulphur dioxide reacts with the alcohol to form an ester which is neutralised by the
base. The anion of the alkyl sulphurous acid is the reactive component and is already
present in Karl Fischer reagent. The titration of water constitutes the oxidation of the alkyl

sulfite anion to alkyl sulphate by the iodine. This reaction consumes water.

Modern Karl Fischer titration equipment is generally completely automated. The Karl
Fischer reagent and iodine are in a mixing vessel to which one third of your sample (which
contains a percentage of water) for analysis is added. The equipment carries out the
titration following rigorous mixing using a blender type instrument to thoroughly mix the
sample with the reagent liquid. The equipment will then repeat this process and perform
limited statistics on the measurements resulting in a mean moisture content with standard

deviations.
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2.0 SUCROSE STUDY SUMMARY

This chapter introduces the background of sucrose, its structure, standard crystalline
forms, the concept of crystallisation mechanism, solubility, and other crystalline forms.

A full account of the experimental conditions for each experiment is given.
The chapter is divided into four sections:

Preliminary studies on static sucrose crystal growth: The initial investigation of
sucrose forms obtained under the static conditions of study evaluated and
techniques for examination of the sucrose crystals were explored.

Controlled conditions, static crystallisation of sucrose: The conditions of static
sucrose crystal growth were optimised and sucrose crystals were grown in a range
of magnetic fields and sirengths. The crystals were analysed using several
analytical techniques. Sucrose crystals grown in the presence of an applied
magnetic field were shown to contain additional water within the crystal lattice
that was most likely to be sucrose hydrate rather than trapped syrup. In addition
improved regular crystalline forms and enhanced nucleation and growth at lower
supersaturations were observed.

Magnetic treatment of sucrose where the solution is pumped: A set of dynamic
magnetic treatment of sucrose solutions were carried out. The sucrose solutions
were passed through an applied magnetic field and then crystallised. Similar
improvements in crystalline forms, and enhancement of nucleation and growth
were observed however the interaction of the solution with an electromagneltic
field associated with the pump was assumed since the ‘Control’ experiment gave
evidence of magnetic treatment. Two grades of sucrose were used in this study,
normal and analytical grades. The difference in the effects observed indicated
that the observed magnetic treatment effects were not a result of action of the
magnetic field on impurity ions.

Magnetic treatment of sucrose where the solution is syphoned: The dynamic
magnetic treatment of sucrose solutions was repeated without the pump via
syphoning on both grades of sucrose. The resulls reinforced the presence of the
associated electromagnetic field from the pump since no effects were observed in
the ‘Control’ study. The strongest applied field effects were observed on normal
grade sucrose crystals.
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2.1 INTRODUCTION

Sucrose (along with salt) is in the unique position of being not only a very important
foodstuff, but also a mass-produced chemical in industry. A very high degree of purity can
be obtained through use of its crystallisation properties that have been studied for

generations.

2.1.1 History

Sugar refining is thought!"! to have been performed as early as 500A.D. in Persia where
the term kandi-sefid, meaning white sugar, was used and the implication being that white
sugar can only be obtained from refined crystallised sugar. In addition, the Indians used
the term shekar or shakey as an early form of the word sugar that probably refers to
evaporated juice known as gur. It is assumed since then, that the separation of crystals

from mother liquor has been studied using drainage under gravity.

The early years of the nineteenth century saw further advances in sugar refinement
following the development of the vacuum pan, the centrifuge and decolorisation
techniques. Their use allowed growth of fairly regular crystals rapidly and without serious
decomposition and colour formation. Well formed uniform crystals were still sought, as
this would aid separation from the syrup under normal gravity or under centrifugal

drainage.

Today, many additional techniques are used to give improved and accelerated refining
processes.*® The work presented in this chapter is more concerned with the technology
of the crystallisation of sucrose therefore a brief background to the theory of factors

relevant to sucrose crystallisation are given.
2.1.2 Structure of sucrose

Sucrose has the molecular formula C;H2,011 (see Figure 2.1.1) and forms crystals

belonging to the monoclinic system, characterised by three unequal axes of which the b

60



and c axes are mutually perpendicular whilst the a axes makes an angle of 103°30" with

the ¢ axis./1¥

Fig. 2.1.1 Structure of sucrose.

A typical sucrose crystal grown from a pure aqueous-sucrose solution is shown in Figure

2.1.2.

Fig. 2.1.2. A typical sucrose crystal.
Although the crystal has an axis of symmetry which coincides with the b-axis, it shows
marked hemi-morphic properties in crystallography as chemically and physically one end
of the crystal is different from the other along the b-axis. This difference not only becomes
apparent in the variety of the observed simple forms and in the size and quality of the
faces, but it also shows up in solution rates, growth rates, the shape of etching figures, the

piezo- and thermo-electric behaviour, etc.

Figure 2.1.2 shows only 8 face pairs as these are the most important and frequent forms
but there are altogether 15 simple face pairs or forms that have been identified. A great
variety of shapes have been recorded arising from the very large number of probable
combinations of forms which depend on specific growth environment. Much work was
undertaken by Kukharenko!"'! whose detailed study provided the basis of sucrose

crystallisation.
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Cross-sectional representations of the crystal normal to the ¢ axis and b axis are given

below in Figures 2.1.3(a) and (b).
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Fig. 2.1.3(a). Cross-section of a Kukharenko crystal normal to the c-axis.
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Fig. 2.1.3(b). Cross-section of a Kukharenko crystal normal to the b-axis.
Kukharenko also provided a substantial amount of data on the influence of impurities on
over all growth rates. However this was not complemented with the corresponding
morphological information and therefore could not be related to the influence of impurities
on the growth rate of individual faces. Other authors!*'¥l have published a great deal of

information on specific impurity effects.

Kukharenko recorded his kinetic information in terms of the relationship between surface

area and weight, however a sphericity concept!"® is more generally used in connection
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with sugar morphology studies. This is defined as the ratio of the surface area of a sphere
of the same volume as the crystal to the actual surface area of the crystal. By this
definition, the shape factor for the Kukharenko crystals corresponds to 0.87, slightly more
spherical than a cube which has sphericity.

Kukharenko devised a nomenclature system for the faces of the sucrose crystals (shown in

(12]

Figures 2.1.3) but the more generally accepted are those adopted by Vavrinecz''“ and

Seager.!"” In addition, Miller indices for the faces are used for general ease of recognition.

2.1.3 Crystallisation mechanism

The sucrose crystal growth is thought occur via a polar mechanism, rather than simple
hydrogen bonding, resulting in the consideration that weak covalent bonds are formed.
The hydroxyls are considered to be polarised into anoinic and cationic sites at the oxygen
and hydrogen atoms respectively. It is believed that the active sites for crystal growth are

the anionic sites exposed on the sucrose molecule.

Kinetic studies"”! have shown that crystal growth is controlled by the rate at which a
single sucrose molecule fits itself into the crystal structure. However, there will be
competition between sucrose and water molecules to become attached to the active
anionic sites. In the event that a water molecule becomes attached, the anionic site of the
water molecule has three possibilities, (a) it can be neutralised by a neighbour on the same
sucrose molecule, (b) it can add to itself another water molecule, or (c) it can add to
another sucrose molecule that is ready to crystallise. Therefore if the activity of sucrose
and water is considered to be similar, there is a one in three chance of the crystal growing

sucrose or adding a further water molecule.
In all sugar solutions, the concentration of water molecules is far greater than sucrose

molecules e.g. a saturated solution at 9-10°C has a ratio of 10:1 for water:sucrose

molecules. However, there are eight possible polar sites on a sucrose molecule compared
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to just one for a water molecule, i.e. a sucrose solution of 10% oversaturation at 30°C

would give sucrose more advantage in crystallisation.

If a sucrose surface in contact with water is considered, the water molecule has two
alternative mechanisms to hydrogen bond to the sucrose molecule. The classical route is
where one of the hydrogen atoms of the water molecule is bonded to an oxygen atom of a
hydroxyl group of the sucrose, and hydrogen bonding is propagated through water

molecules that are attached to the surface of the sucrose crystal (see Figure 2.1.4(a)).

The other mechanism is to consider the hydrogen bonding through the association of the
oxygen of the first water molecule with the hydrogen of a neighbouring sucrose hydroxyl.
In this mechanism, the first molecule becomes a link in perpetuating a sheath of water

molecules or can become a water inclusion (see Figure 2.1.4(b)).
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Fig. 2.1.4 Mechanisms of sucrose crystal surface equilibration with water.
Within sucrose crystal growth, a large amount of kinetic crystal data is available for larger
crystals. However, nucleation and the initial stages of growth are difficult to model and

have in fact been derived from extrapolation of data from larger crystals.
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A crystal nucleus is considered to be a hexameric unit i.e. made up of 6 sucrose molecules.
This is the minimum number needed to satisfy crystallographic molecular structure and

morphology requirements which are important prerequisites of crystal development.

Examination of the hexameric unit from comparison with a fully grown crystal shows that
there are only 26 actual exposed bonding sites (not the theoretical 42) available for crystal
growth exposed by the common face pairs. There is a difference of 16 active bonding sites

that will obviously be propagated in the growth process.

The sucrose molecule is considered to utilise 7 1/2 hydroxyls for crystalline bonding
resulting in 15 (7 172 x 2) active sites. The hexamer nucleus would therefore have 90
active sites (15 x 6) and have 26 active sites for crystal growth and utilize the other 64 for

the internal crystalline bonding.

Comparison of hydroxyl bond distances within crystalline sucrose to other similar
hydroxyl bonded crystals e.g. phenols, alcohols, tartaric acid (CHOHCOOH),"® shows
that they are much longer than found in many known organic crystals. The relatively weak

bonding is also reflected in its high solubility in water.

The dissolution of one sucrose molecule from a crystal at 26°C has been calculated to
require only 9 water molecules to form a sufficiently strong hydroxyl bond to detach it

from its crystal which is a surprisingly small number."™!

Kukharenko!'"! has reported on the measurement of dissolution rates of sucrose crystals
immersed in undersaturated solutions however, there has been surprisingly little work
reported in the literature since then as the focus has been on crystal growth. It is more
generally known that dissolution results in rounding of crystal edges and the formation of

etch pits on crystal surfaces.
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It is straightforward to express growth and dissolution rates in dimensions of area, time
and concentration, however it is the definition of surface area which is uncertain resulting

in measurement uncertainties. Surface roughness must also be taken into consideration.

2.1.4 The solubility of sucrose

It has been established for many years that sugar will readily form supersaturated solutions

and the existence of at least three zones has been postulated (see Fig. 2.1.5).12%*!

Parts sucrase per 100 parts water

40 50 60 70 80
I'emperature °C

Fig. 2.1.5 Supersaturation curves for sucrose.
The three zones beyond the saturated solution are firstly a region called the metastable
zone, where a sugar will crystallise on to existing crystals (growth) but will not
spontaneously crystallise (nucleate). Above this region is an intermediate zone where
existing crystals will continue to grow, but also new crystals will form in the presence of
existing crystals (nucleation). Finally there is a a labile zone where crystals will form
spontaneously. Thus, spontaneous nucleation would appear to be related to the presence
of hydrogen bonding sites which are unoccupied by water and therefore available to form

22,23
sucrose/sucrose bonds.** !

There are in general two main reasons for interest in solubility of sucrose; (1) to know
how much sucrose there is in a particular solution i.e. concentration, and (2) to be able to
specify the degree of oversaturation or undersaturation for the purpose of studying
crystallisation. The most satisfactory relationship for establishing the latter is to know the

molal concentration (or its equivalent in g sucrose/g water) of the actual solution under
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study and the ratio of this concentration to the corresponding concentration of the
saturated solution at the same temperature.

. Concentration of solution
Degree of over saturation =

Concentration of saturated solution
Generally, equilibration between water and sucrose must be achieved before solubility
measurements can be carried out at a specific temperature. There are two documented
methods to determine this equilibrium point. The first involves the angle of reflection of a
beam of light from the surface of a crystal in the solution as the temperature is changed. A
clearly defined change in the angle of reflection is associated with the saturation
temperature. **** The second method involves microscopic observations at the edge of a
chip of a sucrose crystal around the saturation temperature. As the temperature of the
solution 1s raised, the temperature at which the edge of the chip starts to dissolve is

recorded as the saturation temperature."”!

Both of these methods require the concentration of a specific solution to be known to a
high degree of precision that in practice has been particularly difficult to achieve. Several
authors have endeavoured to satisfy this criterion using various methods of measurement,
however large differences have been recorded.'****¥"%3 The saturation of sucrose is
thought to be merely a point in the solubility system and the complexity and irregularities

of the system are accepted as being an effect of the smaller, more mobile water molecules

rather than the sucrose molecules.

It is assumed that in a dilute sucrose solution the molecules are mostly in a monomeric
condition, but as the concentration increases approaching saturation the probability of
polymer formation could be expected to increase until finally the hexamers appear. It is
thought that a sucrose crystal cannot form until hexamers are present, i.e. hexamers are
present in over-saturate the solutions but not in under-saturated solutions. It is also
thought that there may be sucrose dimers and trimers present in solution as sucrose

crystallisation develops but there is no evidence to support this theory.
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Kukharenko’s studies!""! mentioned ‘crystallones” which he considered to be made
available during the process of solution at high concentrations but did not occur when
solutions were at low concentrations. This is considered to be early observations of the

formation of hexamers.

2.1.5 Additional crystalline forms of sucrose

2.1.5 (a) Sucrose thin films""

When considering crystallisation of sucrose in thin films, the degree of supersaturation is a
crucial factor that must be considered. Sugar technologists rarely refer to supersaturation
levels above 1.3 when considering vacuum pan crystallisations. Solutions that are exposed
to extreme drying conditions produce supersaturations of 2 to possibly above 10 at the
interface and result in an amorphous glass being formed on the surface of the solution. At
these higher levels of supersaturation the rate of crystallisation is progressively retarded
and exhibits a very low vapour pressure that may take days, weeks or months to crystallise

by dehydration.*®

A sucrose crystal, dried far too rapidly to keep pace with concentration, may achieve a

1 and may include an appreciable amount of

very low Equilibrium Relative Humidity
water of solution. Crystallisation will take place extremely slowly, the surface layer will
exhibit a rising E. R. H. and an increasing amount of the solution water will be able to
send water molecules into the surrounding air space. This reaction would proceed more
rapidly at higher E. R. H. levels, thus producing the unexpected phenomenon that sugar
submitted to too extreme drying conditions may take longer to equilibrate than that dried

under milder conditions.

The quantity of water concerned is small, around 0.02 to 0.06% and in some cases the

water can remain in the form of inclusions within the crystal structure. 44!l

Thin films of syrup exposed to an atmosphere of controlled humidity resulting in

molecular evaporation may produce very high degrees of supersaturation (SS) where
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nucleation may be slow (in the absence of mechanical nucleation). When nucleation does
occur the nuclei produced at about 1.5 to 2.0 SS are predominantly euhydral with
euhydral growth and can show some signs of internal disorder (see Fig. 2.1.6). At 2.0 to
3.0 SS multicrystals known to crystallographers as spherulites are observed (see Fig.
2.1.7). By 4.0 SS all nuclei appear to be spherulitic. In the case of spherulites, the
component crystals appear to radiate from a common origin, and each ray is a single
crystal with recognition of the usual interfacial angles possible. Under suitable conditions
these growths are dendritic (branched) and rhythmic, the pattern being repeated again and

again.

Fig. 2.1.6 Euhydral nucleation and growth has become well established before syrup has
attained the degree of SS hich lead to s heruliic nucleation.

Fig 2.1.7 Well-spaced spherulitic nucleation resulting in radialitic growth.
Experimental thin film crystallisation may be classified under three headings according to
the nature of the bounding media:

(A) Glass or plastic (relatively inert) - thus, glass/syrup/glass

(B) Atmosphere with controlled humidity (this facilitates migration of the molecules to or
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from the film) - thus, glass/syrup/atmosphere
(C) sucrose cleavage faces (offering or receiving sucrose molecules to or from the film) -

thus, sucrose crystal/syrup/atmosphere.

The research in this thesis is concerned only with thin films crystallisation of type (B)
which is by far the most variable. A thin film of syrup will be able to freely interchange
water molecules with the surrounding atmosphere and the initial formation of nuclei only
takes place when a suitable number of sugar molecules have by chance come together:

hence the first appearance of nuclei will be approximately proportional to the amount of

syrup.

Thin films of this type can be grown from very high SS (1 to 10) and the vapour pressure
can be controlled by various means, for example, by using moistened salts, or sulphuric
acid or glycerine etc. Nucleation and growth appear to be maximal at about 3SS; at 1.5SS

the rate is slower whilst at 10SS nucleation will be unlikely to occur.

2.1.8 (b) Sucrose hydrates

It is generally accepted that sucrose forms exclusively anhydrous crystals, however during
the study of the sucrose-water phase diagram at temperatures of 0° to -34°C, this was
found to be not to be the case and that there were some circumstances that resulted in the
formation of sucrose hydrates.*® A sucrose hemipentahydrate - C1;H;;011+5/2 H;O and a
sucrose hemiheptahydrate - C1;H»01147/2 H,O were isolated and characterised. Both
hydrates demonstrated specific powder X-ray diffraction patterns distinct from the
anhydrous phase and melting points of 45.7° and 27.8°C respectively. Progressively
decreasing the temperature was shown to result in increasing complexity of the
metastability characteristics of the system, especially on approach of the ice eutectic where
no less than eight solid phases seemed to be possible in addition to the anhydrous phase.

Unfortunately, these additional phases were not positively identified.
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2.2 METHODOLOGY AND EXPERIMENTAL TECHNIQUES

The Differential Scanning Calorimetry (DSC) was carried out using a Perkin Elmer DCS?7.
The powder X-Ray Diffraction was carried out using a Philips PW 1710 diffractometer
with Cu K, radiation. The Scanning Electron Microscopy was carried out using a
Cambridge 5250 stereoscan. The Karl Fischer was carried out using an Orion Research
Inc. Turbo 2 Titrator. The incubators used in the studies were SANYO MIR 152 and
operated at a range of £0.5°C to the set temperature. The peristaltic pump used was used
at a flow speed of 11.42mimin'. Thermogravimetry (TG), Differential Thermogravimetry
(DTG), and Differential Thermal Analysis (DTA) were measured on a Stanton Redcroft
STA 780 Simultaneous Thermal Analyser. All crystals prepared in this work were

crystallised under the conditions listed.

2.2.1 Aims
The aim of this study was to demonstrate that the crystallisation of sucrose could be
affected by applied magnetic fields. The study was concerned with the changes in crystal

form of the resulting sucrose crystals rather than changes in the rate of crystallisation.

2.2.2 Methodology

At the outset of the study, it was important to become familiar with sucrose solutions,
solubility and crystal forms, in addition to establishing the optimum conditions for study.
The preliminary studies were carried out to determine the optimum conditions for the
incubator temperature, concentration and volume of the crystallising sucrose solution in
order to obtain a standard, reproducible sucrose crystal form suitable for comparison with

sucrose crystals grown under applied magnetic fields conditions.

Following the preliminary study, a full static crystallisation of sucrose in applied magnetic
fields study was carried out under suitably controlled conditions. Characterisation of the
resulting sucrose crystals was carried out using Differential Scanning Calorimetry (DSC),

Powder X-ray Diffraction (Powder XRD), Scanning Electron Microscopy (SEM),
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Polarising Light Microscopy (PLM), simultaneous Thermogravimetry (TG), Differential
Thermogravimetry (DTG) and Differential Thermal Analysis (DTA), Solid State Nuclear

Magnetic Resonance (NMR) techniques in addition to recording visual observations.

2.2.3 Preliminary static crystallisation studies

Solutions of sucrose were prepared in Scm petri dishes on a hot plate at 50°C by addition
of sucrose to a minimum volume of de-ionised water until no more sucrose could be
dissolved during a 10 min period. In the cases of over-addition of sucrose, more water
was added to take the sucrose into solution. The sucrose solutions contained in the petri-
dishes, were placed in incubators at 50°C where they were left to evaporate and crystallise
under different magnetic fields listed below. The sucrose used was from Fisher Scientific

and was Normal grade purity (impurities <0.132%).

2.2.3(a) Experiment 1 - Control

No magnetic field around the petri-dish containing the crystallising sucrose solution.

2.2.3(b) Experiment 2 - Weakest permanent field, at sides in parallel
Permanent magnets were placed in parallel as shown in Fig. 2.2.1. The Scm diameter petri
dish containing the crystallising sucrose solution was placed in the centre between the

magnets on a raised platform. The field strengths were measured using a Gaussmeter and

found to be ~300G at the edges of the petri dish and ~265G at the centre.

NSNS NSNS
NSNS §yycrose solution }oNS
Petri dish
Sucrose
solution
Vs\s NS Ns NS VS NSNS
Penmnem magnets Pcmnncm magncts

Fig. 2.2.1 Illustration of the apparatus set-up for crystallisation under a permanent field,
parallel at sides of sample.
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2.2.3(c) Experiment 3 - 2nd weakest permanent field, at sides in parallel

Permanent magnets were placed in parallel as shown in Fig. 2.2.1. The Scm diameter petri
dish containing the crystallising sucrose solution was placed in the centre between the
magnets on a raised platform. The field strengths were measured using a Gaussmeter and

found to be ~400G at the edges of the petri dish and ~350G at the centre.

2.2.3(d) Experiment 4 - 2nd strongest permanent field, at sides in parallel

Permanent magnets were placed in parallel as shown in Fig. 2.2.1. The 5cm diameter petri
dish containing the crystallising sucrose solution was placed in the centre between the
magnets on a raised platform. The field strengths were measured using a Gaussmeter and

found to be ~640G at the edges of the petri dish and ~540G at the centre.

2.2.3(e) Experiment S - Strongest permanent field, at sides in parallel

Permanent magnets were placed in parallel as shown in Fig. 2.2.1. The 5cm diameter petri
dish containing the crystallising sucrose solution was placed in the centre between the
magnets on a raised platform. The field strengths were measured using a Gaussmeter and

found to be ~760G at the edges of the petri dish and ~630G at the centre.

—
Magnets —”)
60G Sucrose solution
‘ Petri
r dish

v
260G

260G
2

00G

Fig. 2.2.2 Illustration of the apparatus set-up for crystallisation under permanent
magnets arranged in a square

2.2.3(f) Experiment 6 - Permanent magnets in square
Permanent magnets were placed in a square as shown in Fig. 2.2.2. The Scm diameter

petri dish containing the crystallising sucrose solution was placed at the centre of the
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magnets on a raised platform. The field strengths, measured using a Gaussmeter, are

illustrated.

2.2.3(g) Experiment 7 - Permanent field, in parallel above and below

Permanent magnets were placed in parallel as shown in Fig. 2.2.3. The 5cm diameter petri
dish containing the crystallising sucrose solution was placed in the centre between the
magnets on a raised platform. The field strengths were measured using a Gaussmeter and

found to be ~60G at the edges of the petri dish and ~60G at the centre.

l Permanent magnet l
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Fig. 2.2.3 Illustration of the apparatus set-up for crystallisation under a permanent field,
above and below sample.

2.2.3(h) Experiment 8 - Pulsed field

A petri dish containing sucrose solution was placed on top of a hydroflow pulsed magnet,

as shown in Fig. 2.2 4, to crystallise.

Sucroscl solution

Fig. 2.2.4 lllustration of the apparatus set-up for crystallisation under a pulsed magnetic
field.
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2.2.3(i) Experiment 9 - Weakest DC electromagnetic field

A DC electromagnet placed inside the incubator was set to operate at 2.0V (2.93mA), and
a petri dish containing sucrose solution was placed on a raised platform between the two
magnet poles as shown in Fig. 2.2.5. The field strengths were measured using a

Gaussmeter and found to be ~100G at the edges of the petri dish and ~50G at the centre.

Sucrose
solution
DL:, can Coil
Coll ‘
3 - Raised platform
legnet poles

Fig 2.2.5 Illustration of the apparatus set-up for crystallisation under
a DC electromagnetic field.

2.2.3(j) Experiment 10 - 2nd weakest DC electromagnetic field

A DC electromagnet placed inside the incubator was set to operate at 5.0V (2.93mA), and
a petri dish containing sucrose solution was placed on a raised platform between the two
magnet poles as shown in Fig. 2.2.5. The field strengths were measured using a

Gaussmeter and found to be ~320G at the edges of the petri dish and ~140G at the centre.

2.2.3(k) Experiment 11 - 2nd strongest DC electromagnetic field

A DC electromagnet placed inside the incubator was set to operate at 8.0V (2.93mA), and
a petri dish containing sucrose solution was placed on a raised platform between the two
magnet poles as shown in Fig. 2.2.5. The field strengths were measured using a

Gaussmeter and found to be ~500G at the edges of the petri dish and ~195G at the centre.

2.2.3(1) Experiment 12 - Strongest DC electromagnetic field
A DC electromagnet placed inside the incubator was set to operate at 10.0V (2.93mA),
and a petri dish containing sucrose solution was placed on a raised platform between the

two magnet poles as shown in Fig. 2.2.5. The field strengths were measured using a

Gaussmeter and found to be ~600G at the edges of the petri dish and ~220G at the centre.
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Visual observations of the resulting crystals in each case were recorded. The magnets used

in each experiment are summarised in Table 2.2.1.

1 Control N/A N/A
N-S, NH
2 Permanent magnets 300 - 265 Gauss Parallel at sides
N-S, NH
3 Permanent Magnets 350 - 400 Gauss Parallel at sides
N-S, NH
4 Permanent magnets 540 - 640 Gauss Parallel at sides
N-S, NH
5 Permanent magnets 630 - 760 Gauss Parallel at sides
N-S, NH
& Permanent magnets 50 - 260 Gauss Square
N-S, H
7 Permanent magnets 60 Gauss Above and below
N-S, NH
8 Pulsed 100-160 kHz Below
N-S, NH
9 DC Electromagnet 50 - 100 Gauss Parallel at sides
N-S, NH
10 DC Electromagnet 140 - 320 Gauss Parallel at sides
N-S, NH
11 DC Electromagnet 195-500 Gauss Parallel at sides
N-S, NH
12 DC Electromagnet 220 - 600 Gauss Parallel at sides

Table 2.2.1 Applied field configurations used in preliminary static crystallisation sucrose
studies, where N-S=North-South geometry, NH=Non homogeneous, and

H=Homogeneous.
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2.2.4 Controlled conditions, static crystallisation investigation

Experiments were performed using the procedures described in 2.2.3 with the following
exceptions. A known weight of sucrose (4.69g) was added to de-ionised water (10ml) to
prepare a 0.8S saturated solution and the solutions contained in the petri dishes were
heated on a hot-plate at 50°C for two hours until fully dissolved. Samples were prepared
free of dust or foreign material by covering the petri dishes during the sucrose dissolution.
The perti dishes were placed uncovered in the incubator and the incubator door remained

closed during the crystallisation process.

Each experiment was repeated 3 times (Experiments 13 to 24) resulting in samples 13A,
13B, 13C to 24A, 24B and 24C. The magnets used in each experiment are summarised in
Table 2.2.2. Visual observations of the resulting crystals were noted in addition with
analysis of the resulting crystals using Powder X-ray Diffraction (Powder XRD), Scanning
Electron Microscopy (SEM), Differential Scanning Calorimetry (DSC), Polarising Light

Microscopy (PLM) and Karl Fischer moisture content equipment.

13 Control N/A N/A
N-S, NH
14 Permanent magnets 300 - 265 Gauss Parallel at sides
N-S, NH
15 Permanent Magnets 350 - 400 Gauss Parallel at sides
N-S, NH
16 Permanent magnets 540 - 640 Gauss Parallel at sides
N-S, NH
17 Permanent magnets 630 - 760 Gauss Parallel at sides
N-S, NH
18 Permanent magnets 50 - 260 Gauss Square
N-S, H
19 Permanent magnets 60 Gauss Above and below

77




N-S, NH
20 Pulsed 100-160 kHz Below
N-S, NH
21 DC Electromagnet 50 - 100 Gauss Parallel at sides
N-S, NH
22 DC Electromagnet 140 - 320 Gauss Parallel at sides
N-S, NH
23 DC Electromagnet 195-500 Gauss Parallel at sides
N-S, NH
24 DC Electromagnet 220 - 600 Gauss Parallel at sides

Table 2.2.2 Applied field configurations used in controlled conditions sucrose studies
using normal grade sucrose, where N-S=North-South geometry, NH=Non
homogeneous, and H=Homogeneous.

2.2.5 Magnetic treatment of sucrose where the solution is pumped

The literature documents™ that effects of applied fields are maximised around 5 or 6

passes through a magnetic field, so the dynamic study involved the recirculation of the

solution, up to 8 times through the magnetic field with an aliquot of sample being removed
following each pass and then allowed to crystallise. In this study therefore, the number of
passes through the field and the resulting effect on the sucrose crystals could be studied in

order to establish whether or not it was an important factor worth consideration.

The literature on applied magnetic field effects describes several theories"* """ behind the
phenomenon observed (Section 1.2.5(d)) including the supposition that ‘contamination
effects’ lead to magnetically enhanced dissolution. In the ‘dynamic’ application of
magnetic fields therefore, two grades of sucrose were used, (1) normal grade sucrose,
which has impurities <0.132%, and (2) analytical grade sucrose, which has impurities
<0.013%. Any changes in the crystals grown under the same conditions will determine
whether impurity effects are important or relevant or not in this study of applied field

phenomena of crystallising sucrose solutions.
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A peristaltic pump was used in this study since the effects of vibration from the pump

would be minimised, since a motorised pump would have associated agitation effects.

2.2.5(a) Normal grade sucrose
An 0.8S saturated stock solution (4.66g per 10ml at 50°C) of normal grade sucrose

(impurities <0.132%) was prepared and stored at 50°C in an incubator.

Experiment 25 - Control

Sucrose solution (200ml) in a storage bottle, within the incubator at 50°C, was passed
through the silicon tubing (Im of 4mm diameter) via a peristaltic pump into a second
storage bottle and 10ml were removed using a pipette, placed in a petri dish with the lid on
and labelled Sample 1. The positions of the delivery and receiving bottles was reversed and
the procedure repeated to give Sample 2. This was carried out a total of 8 times and after
each pass 10ml aliquots of sucrose solution was removed and placed in a petri dish. The
time taken to perform the procedure was 60 mins. The samples were then transferred to a
second incubator set at 50.0°C containing 1kg of blue silica gel on a shelf at the bottom,
the lids were removed and the solutions were allowed to crystallise. This procedure was

repeated resulting in samples 25(1) to 25(8) each in duplicate.

The procedure described for Experiment 25 was repeated for the field studies with silicon
tubing passing through the centre of the magnetic fields indicated in Table 2.2.3 below and

is illustrated in Fig. 2.2.6.

Incubator at 50°C

penistaluc pumpf

sucrose solution
tubing
magnets ___/

o sihica gel

e

E})

Fig. 2.2.6 Illustration of the apparatus used in Experiments 25 to 50.



N-S, NH
26 Permanent magnets 265 - 300 Gauss Parallel at sides
N-S, NH
27 Permanent Magnets 350 - 400 Gauss Parallel at sides
N-S, NH
28 Permanent magnets 540 - 620 Gauss Parallel at sides
N-S, NH
29 Permanent magnets 630 - 760 Gauss Parallel at sides
N-S, NH
30 AC electromagnet 240MHz Parallel at sides
N-S, NH
31 DC Electromagnet 50 - 100 Gauss Parallel at sides
N-S, NH
32 DC Electromagnet 100 - 220 Gauss Parallel at sides
N-S. NH
33 DC Electromagnet 150 - 340 Gauss Parallel at sides
N-S, NH
34 DC Electromagnet 190 - 500 Gauss Parallel at sides
N-S, NH
35 DC Electromagnet 220 - 600 Gauss Parallel at sides
N-S, NH
36 DC Electromagnet 300 - 680 Gauss Parallel at sides
N-S, NH
37 Pulsed 100-160 kHz Below
Table 2.2.3 Applied field configurations used in the magnetic treatment of normal grade

Visual observations of the resulting crystals were recorded for all Experiments 25 to 37

inclusive. Differential Scanning Calorimetry was carried out only on samples from
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Experiments 25, 26, 27, 29, 30, 31, 33, 36 and 37. Scanning Electron Microscopy (SEM)

was carried out on a selection of samples from these experiments.

2.2.5(b) Analytical grade sucrose

Experiments 38 to 50 were performed under the same format as the normal grade sucrose
studies but using analytical grade sucrose from Fisher Scientific (impurities <0.0113%),
resulting in samples 38(1) to 38(8) to 50(1) to 50(8) each in duplicate. The magnets used
in each experiment are summarised in Table 2.2.4. Visual observations of the resulting
crystals were recorded for all Experiments 38 to 50 inclusive. Differential Scanning
Calorimetry (DSC) was carried out only on samples from Experiments 38, 39, 40, 42, 43,

44, 46, 49 and 50. Scanning Electron Microscopy was carried out on a selection of

samples from these experiments.

38 Control N/A N/A
N-S, NH
39 Permanent magnets 265 - 300 Gauss Parallel at sides
N-S, NH
40 Permanent Magnets 350 - 400 Gauss Parallel at sides
N-S, NH
41 Permanent magnets 540 - 620 Gauss Parallel at sides
N-S, NH
42 Permanent magnets 630 - 760 Gauss Parallel at sides
N-S, NH
43 AC electromagnet 240MHz Parallel at sides
N-S, NH
44 DC Electromagnet 50 - 100 Gauss Parallel at sides
N-S, NH
45 DC Electromagnet 100 - 220 Gauss Parallel at sides
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N-S, NH
46 DC Electromagnet 150 - 340 Gauss Parallel at sides

N-S, NH
47 DC Electromagnet 190 - 500 Gauss Paralle! at sides

N-S, NH
48 DC Electromagnet 220 - 600 Gauss Parallel at sides

N-S. NH
49 DC Electromagnet 300 - 680 Gauss Parallel at sides

N-S, NH
50 Pulsed 100-160 kHz Below

Table2.2.4  Applied field configurations used in the magnetic treatment of analytical
grade sucrose where the solution is pumped, where N-S=North-South
geometry, NH=Non homogeneous, and H=Homogeneous.

2.2.6 Magnetic treatment of sucrose where the solution is syphoned

2.2.6(a) Normal grade sucrose

An 0.8S saturated stock solution (4.66g per 10ml at 50°C) of normal grade sucrose

(impurities <0.132%) was prepared and stored at 50°C in an incubator.

Experiment 51 - Control

Sucrose solution (200ml) in a storage bottle, within the incubator at 50°C, was passed
through the silicon tubing via syphoning through silicon tubing (im of 4mm diameter), into
a second storage bottle and 10ml were removed using a pipette, placed in a petri dish with
the lid on and labelled Sample 1. The positions of the delivery and receiving bottles was
reversed and the procedure repeated to give Sample 2. This was carried out a total of 8
times resulting in 8 petri dishes each containing 10ml aliquots of sucrose solution. The
time taken to perform the procedure was 60 mins. The samples were then transferred to a
second incubator set at 50.0°C, and allowed to crystallise. This procedure was repeated

resulting in samples 51(1) to 51(8) each in duplicate.
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The procedure described for Experiment 51 was repeated for the field studies with silicon
tubing passing through the centre of the magnetic fields (indicated in Table 2.2.5) as
illustrated in Fig. 2.2.7.

Incubator at 30°C

sucrose solution
~tubing
S __/?
o sihca gel

Fig. 2.2.7 Nllustration of the apparatus used in Experiments 51 to 60.

Experiment No. ~ Field Type | Frequency/Strength |  Geometry
N-S, NH
52 Permanent magnets 630 - 760 Gauss Parallel at sides
N-S, NH
53 AC electromagnet 240MHz Parallel at sides
N-S, NH
54 DC Electromagnet 300 - 680 Gauss Parallel at sides
N-S, NH
55 Pulsed 100-160 kHz Below

Table 2.2.5 Applied field configurations used in the magnetic treatment of normal
grade sucrose where the solution is syphoned, where N-S=North-South
geometry, NH=Non homogeneous, and H=Homogeneous.

Visual observations of the resulting crystals were recorded for all Experiments 51 to 60
inclusive. Scanning Electron Microscopy (SEM) was carried out on a selection of samples.
Differential Scanning Calorimetry (DSC) was carried out only on one set of duplicated

samples.
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2.2.6(b) Analytical grade sucrose

Analytical grade sucrose was again used in the syphoning study to investigate
‘contamination effect’ of applied fields. Experiments 56 to 60 were performed under the
same format as the normal grade sucrose studies but using analytical grade sucrose from
Fisher Scientific (impurities <0.0113%), resulting in samples 56(1) to 56(8) to 60(1) to

60(8) each in duplicate. The magnets used in each experiment are summarised in Table

2.2.6.

56 Control N/A N/A
N-S, NH

57 Permanent magnets 630 - 760 Gauss Parallel at sides
N-S, NH

58 AC electromagnet 240MHz Parallel at sides
N-S, NH

59 DC Electromagnet 300 - 680 Gauss Parallel at sides
N-S, NH

60 Pulsed 100-160 kHz Below

Table 2.2.6  Applied field configurations used in the magnetic treatment of analytical

Visual observations of the resulting crystals were recorded for all Experiments 56 to 60
inclusive. Scanning Electron Microscopy (SEM) was carried out on a selection of samples.

Differential Scanning Calorimetry (DSC) was carried out only on one set of duplicated

samples.

grade sucrose where the solution is syphoned, where N-S=North-South

geometry, NH=Non homogeneous, and H=Homogeneous.
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2.3 RESULTS AND DISCUSSION

The information obtained in the static study, although relevant, is of no practical use to
Industry since there is no situation in production where a solution of sucrose would be
allowed to crystallise statically. Standard production usually involves some form of
stirring or mixing of the sucrose solutions in addition to pumping it along a length of
pipe. With this in mind therefore, the study would be of far greater use and importance,
if the magnetic fields were applied to a ‘dynamic’ situation. Since the stirring involves
consideration of shear forces to the crystallising solution and can mechanically induce
nucleation, a simpler arrangement would be to flow the sucrose solution through a
magnetic field followed by static crystallisation. Analysis carried out on the resulting
sucrose crystals could therefore be compared to the previous static crystallisation

results.

2.3.1 Results

The results and data collected for each study are presented in the following sections

(2.3.1 (a) to (d)) and are discussed at length in Section 2.3 2.

2.3.1(a) Preliminary studies on static crystal growth of sucrose solutions

The four thin film crystal forms obtained for sucrose under different conditions are
illustrated below in Figures 2.3.1(a) to (d) and represent ‘wedge’ growth, ‘dendritic’
growth, ‘euhydral’ growth and ‘glassy’ forms respectively obtained in the preliminary

study.

In all cases where the concentration of sucrose solution was greater than about 6g in
10ml water at 50°C (greater than 0.83S, S = saturated concentration which is 7.21g
sucrose in 10ml water at 50°C) the glassy form of sucrose was obtained following 3 or
4 hours within the incubator. Catastrophic solidification (Fig. 2.3.1(d)) occurred on the
surface of a very viscous sucrose solution and very little crystal form was observed

other than the semi-hexagonal shapes illustrated.

The incubator was initially set at 50°C and the crystallisation time for a 10ml sucrose

solution of 0.65S concentration (4.69g sucrose in 10ml water at 50°C) was around 24
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hours. 50°C is the maximum operating temperature of the incubator and this was

considered to be the most suitable for all experiments.

Point of nucleation

(a) (b)

(c) (d

Fig. 2.3.1 [Illustrations of the four thin film forms of sucrose obtained in the
Preliminary investigation where (2) is wedge growth, (b) is dendritic
growth, (c) is euhydral growth, and (d) is the glassy form.

10ml of sucrose solution within a Scm diameter petri dish under the evaporation
conditions within the incubator resulted in a thin film across the surface of the solution
around 1-2mm thick with solution remaining trapped beneath the surface. Where the
volume of solution was less than 10ml, the sucrose crystals would not form a complete
layer across the surface and evaporation to dryness would occur resulting in areas of
shapeless sucrose crystals. Where the volume of the solution was greater than 10ml the

danger of spillage of solution over the sides of the petri dish made it impractical.

Therefore, the optimum conditions of growth were as follows: 10ml of sucrose
solution at 0.65S concentration (4.69g per 10ml water), in a Scm diameter petri dish,

evaporated in a sealed incubator set at 50°C.

These conditions were applied to all cases of study in Experiments 1 to 12. The visual

observations are recorded in Table 2.3.1 below.
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1 3 2 5 wedge irregular and 24 hours
chunky
2 Jor4 3or4 6to8 wedge fine 24 hours
3 4 1 5 wedge fine needles 24 hours
4 4 0 4 wedge regular 24 hours
large prim.
5 lor2 lor2 2t04 wedge wedges 24 hours
(dendritic) | (small sec.)
6 2 Jor4 5t06 dendritic fine needles 24 hours
wedge large &
7 3 0 3 regular 24 hours
(dendritic) | (small & fine)
8 3or4 4or5 7t09 wedge & | regular & well | 24 hours
dendritic formed
9 3 Jor4 6t07 wedge & | fine wedges & | 24 hours
dendritic needles
10 5 Jor4 8109 dendritic needles 24 hours
11 Jord Jord 6t08 euhydral flat, square 48 hours
plates
12 10/11 0 10to 11 euhydral flat, square 72 hours
plates

Table 2.3.1 A summary of the visual observations recorded in the preliminary studies

2.3.1(b) Controlled conditions, static crystallisation of sucrose

in addition to rough estimates of time taken to crystallise.

The visual observations for this study are recorded below in Table 2.3.2 and the

corresponding SEM and PLM photographs are presented in Figures 2.3.2 to 2.3.25

and 2.3.26 to 2.3.47 respectively. DSC data are given in Tables 2.3.3 and XRD

patterns are presented in Figures 2.3.48 to 2.3.85.
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13 4 Oor3 4or5 wedge irregular and 24 hours
chunky

14 3 4 7 wedge fine 24 hours

15 4 1 5 wedge and | fine needles 24 hours
dendritic

16 3 0 3 wedge regular 24 hours

large prim.

17 lor2 2t03 3t05 wedge and wedges & 24 hours
dendritic | small fine sec.

18 2 Oorl 2t03 dendritic fine needles 24 hours

wedge large &

19 5 1 6 & regular prim. 24 hours

dendritic | small fine sec.
wedge

20 4 4106 8to 10 (some regular & well | 24 hours
cuhydral) formed

21 5 2t03 7to8 wedge & | fine wedges & | 24 hours
dendritic needles

22 5 3t06 8to 1l dendritic needles 24 hours

23 6 2t04 810 10 euhydral flat, square 48 hours

plates
24 15 to 27 0 15to 27 cuhydral flat, square 72 hours
plates

Table 2.3.2 A summary of the visual observations recorded in the controlled static
crystallisation of sucrose studies in addition to rough estimates of time
taken to crystallise.
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Fig. 2.3.8 SEM of sucrose Sample 15A. Fig. 2.3.9 SEM of sucrose Sample 16A
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Fig. 2.3.16 SEM of sucrose Sample 19A. Fig. 2.3.17 SEM of sucrose Sample 20A.
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Fig. 2.3.24 SEM of sucrose Sample 24A. Fig. 2.3.25 SEM of sucrose Sample 24A.
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Fig. 2.3.30 PLM of sucrose Sample 16B. Fig. 2.3.31 PLM of sucrose Sample 17A.
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Fig. 2.3.32 PLM of sucrose Sample 17B. Fig. 2.3.33 PLM of sucrose Sample 18A.

Fig. 2.3.36 PLM of sucrose Sample 19A. Fig. 2.3.37 PLM of sucrose Sample 19B.
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Fig. 2.3.38 PLM of sucrose Sample 20A. Fig. 2.3.39 PLM of sucrose Sample 20B.

Fig. 2.3.40 PLM of sucrose Sample 21A. Fig. 2.3.41 PLM of sucrose Sample 22A.

Fig. 2.3.42 PLM of sucrose Sample 22C. Fig. 2.3.43 PLM of sucrose Sample 23A.
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Fig. 2.3.44 PLM of sucrose Sample 23B.

Fig. 2.3.45 PLM of sucrose Sample 23C.

Fig. 2.3.46 PLM of sucrose Sample 24B.

Fig. 2.3.47 PLM of sucrose Sample 24C.

Sample A | Sample B | Sample C | Sample D Sample E
Experiment | (°C) CC) €0 ) Q)
13 182.346 182.373 186.334 180.006 184.547
180.803 179.067 185.226
14 152.80 152.80 153.80
180.451 187.170 185.226
15 154.80 153.80
182.724 176.912 180.043
16 160.00 147.95 155.40
153.90
188.565 177.683 183.969
| ¥ 156.20 152.80 155.40
177.896 186.414 178.968
18 153.80 155.40 153.80
188.317 185.890 190.509
19 153.80 154.80
179.389 186.501 185.063
20 153.80 153.80 153.80
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Sample A Sample B Sample C

Experiment (Y] €O O
184.100 188.148 182.710

21 153.80 153.80 154.80
178.933 180.304 176.948

22 155.40 152.80 153.80
188.217 187.884 183.394

23 152.80 157.40 157.40
180.266 177.453 182.822

24 153.80 153.80 152.80

Table 2.3.3 DSC data for sucrose crystals grown in applied magnetic fields under
static conditions.

20 d;A Vio()
12.011 7.373 13
13.363 6.614 18
15.752 5.623 18
19.081 4.644 40
19.855 4.469 100
25.124 3.543 25
43.729 2.069 13

Fig 2.3.48 Powder XRD data for
sucrose sample 13A.

20 d;A 1/To(T)
11.730 7.54 10
12.903 6.857 13
18.853 4.704 14
24791 3.589 17
40.466 2.228 100

Fig. 2.3.49 Powder XRD data for E ‘
sucrose sample 13B. I
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20 &;A lo(D)
11.690 7.579 31
12.758 6.935 100
18.903 4.692 53
19.582 4.530 68
24.685 3.605 44
25.115 3.539 35

Fig. 2.3.50 Powder XRD data for
sucrose sample 13C.

20 diA Vio()
11.474 7.708 36
12.506 7.074 37
13.021 6.795 55
18.662 4.752 95
24.687 3.604 60
38.818 2.320 100

Fig. 2.3.51 Powder XRD data for
sucrose sample 13D.

20 d;A lo(T)
11.639 7.599 49
12.532 7.059 42
15376 5.760 100
18.647 4.756 75
19.420 4.568 47
24.671 3.607 63
36.140 2.484 74

Fig. 2.3.52 Powder XRD data for
sucrose sample 13E.

20 d;A lo()
11.651 7.591 65
13.079 6.765 55
18.822 4.712 100
19.583 4531 80
24.744 3.592 100
25.235 3.527 45

Fig. 2.3.53 Powder XRD data for
sucrose sample 14A.




20 dA Vlo(D
11.679 7.573 65
13.140 6.734 55
18.831 4.710 100
19.579 4.532 80
24.795 3.589 100
25.266 3.523 45
43.679 2.072 100

Fig. 2.3.54 Powder XRD data for
sucrose sample 14B.

20 d.A Vlo(T)
11.611 7.617 50
13.187 6.710 68
18.873 4.699 81
19.617 4.523 56
20.807 4.269 56
24.804 3.588 100

Fig. 2.3.55 Powder XRD data for
sucrose sample 14C.

20 d;A Vlo(I)
11.984 7.381 100
13.442 6.584 55
19.195 4.621 75
19911 4.452 50
24959 3.568 70
25.066 3.551 80
38.737 2.323 74

Fig. 2.3.56 Powder XRD data for
sucrose sample 15A.

20 dA lo(D)
11.369 7779 48
12.838 6.892 65
15301 5.788 41
18.777 4723 100
19.280 4.601 70
24.432 3.641 73

Fig. 2.3.57 Powder XRD data for
sucrose sample 15B.
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20 dA Vlo(D
11.492 7.696 39
12.621 7.010 100
18.690 4745 79
19.374 4.579 62
24.478 3.635 81
Fig. 2.3.58 Powder XRD data for
sucrose sample 15C.
20 diA Vlo(D)
11.428 7.739 100
12.482 7.086 65
15.230 5.814 60
18.559 5.814 70
19.289 4.599 95
24.493 4.599 75

Fig. 2.3.59 Powder XRD data for

sucrose sample 16A.

20 d;A Vlo(D)
11.546 7.904 27
12.599 7.022 26
18.634 4.759 100
19.420 4.568 53
24516 3.629 53
25.122 3.543 49
30.719 2.902 28
38.719 2.324 26
Fig. 2.3.60 Powder XRD data for
sucrose sample 16B.

20 d;A Vlo()
11.407 7.753 34
15.220 5.818 23
19.256 4.607 51
20.172 4.400 60
24922 3.571 100

Fig. 2.3.61 Powder XRD data for
sucrose sample 16C.




20 A Vio(D)
13.285 6.661 28
15.843 5.591 20
19.089 4.647 27

Fig. 2.3.62 Powder XRD data for
sucrose sample 17A.

20 _GA Vlo(D)
11.626 7.607 37
13.087 6.761 52
18.685 4746 as
19.498 4.550 38
24.555 3.623 100

Fig. 2.3.63 Powder XRD data for
sucrose sample 17B.

on

20 dA lo(D)
11.626 7.607 80
13.087 6.761 54
15.399 5.751 25
18.685 4.746 73
19.498 4.550 69
20.357 4.360 55
20.860 4.256 100
24.555 3.623 58
38211 2.354 55
39.808 2.263 37
Fig. 2.3.64  Powder XRD data for
sucrose sample 17C.
20 diA Vlo(D
11.435 7.734 84
12.784 6.921 62
15.200 5.826 30
18.562 4778 75
19.302 4.596 60
24.993 3.563 100
40.136 2.247 34
40.686 2218 41
41.801 2.111 39

Fig. 2.3.65 Powder XRD data for
sucrose sample 18A.
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20 dA Vio()
11.608 7.619 38
12.652 6.993 34
18.777 4723 48
19.567 4.534 31
24.733 3.598 100

Fig. 2.3.66 Powder XRD data for
sucrose sample 18B.

20 ;A lo(D
19.515 4.549 39
20.370 4.360 39
25.346 3.514 58
33.801 2.652 30
37.177 2.418 39
37.642 2.390 30
40.461 2.229 100

Fig. 2.3.67 Powder XRD data for
sucrose sample 18C.

20 d;A Vio(l)
11.409 7.752 80
18.477 4.802 9
19.081 4.651 5
38.107 2.360 100

Fig. 2.3.68 Powder XRD data for
sucrose sample 19A.

|
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20 A Vio(h)
11.904 7.430 40
15.758 5.621 63
17.071 5.191 55
19.059 4.654 56
19.364 4.584 59
19.854 4.469 100
20.934 4244 57
25238 3.529 62
25.862 3.445 100

Fig. 2.3.69 Powder XRD data for
sucrose sample 19B.
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20 dA Vie(D)
11.735 7.537 34
13.177 6.715 33
18.904 4.692 50
19.679 4.509 46
25.263 3.523 100

Fig. 2.3.70 Powder XRD data for
sucrose sample 19C.

20 dA Vlo(M)
12.733 6.948 27
18.734 4.734 46
19.171 4.627 36
24.580 3.620 100

Fig. 2.3.71 Powder XRD data for
sucrose sample 20A.

20 d; A Vio(D)
11.572 7.643 49
13.070 6.770 50
15.410 5.747 22
16.629 5.328 24
18.684 4747 100
19.492 4.552 67
21216 4188 34
22434 3.963 25
25.110 3.545 87

Fig. 2.3.72 Powder XRD data for
sucrose sample 20B.

20 d;A Vlo(M)
11.627 7.607 57
13.122 6.743 68
15.461 5.728 26
19.472 4.556 100
20.451 4.340 74
21.969 4.044 67
24.685 3.605 74
25.097 3.546 56

Fig. 2.3.73 Powder XRD data for
sucrose sample 20C.
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20 diA VoD
11.949 7.40 19
13.181 6.713 100
19.072 4.651 71
19.933 4.454 35
20.842 4262 46
22.247 3.994 46
24.999 3.560 65
38.617 2.330 53
46.780 1.942 50

Fig. 2.3.74 Powder XRD data for
sucrose sample 21A.

20 dA Vlo(D)
11.658 7.587 60
13.110 6.749 47
18.760 4728 53
19.502 4.549 50
22.024 4.034 80
24631 3612 100
38310 2.348 47
Fig. 2.3.75 Powder XRD data for
sucrose sample 21B.
20 d;A 1lo(T)
11.625 7.608 48
13.090 6.760 70
15.458 5.729 28
18.727 4.738 100
19.538 4.541 65
20.763 4.276 62
24.721 3.599 60
25.117 3.544 47
31.112 2.875 29
32237 2.777 26
38.236 2.353 36
Fig.2.3.76  Powder XRD data for
sucrose sample 21C.
20 d; A Vio(®)
11.930 7.414 65
13.115 6.747 73
15.732 5.630 23
16.674 5314 22
19.097 4.665 86
19.808 4.482 42
20.865 4257 39
25.077 3.549 100
38613 2.330 39
40.700 2.217 47
Fig. 2.3.77 Powder XRD data for

sucrose sample 22A.
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20 aA | Vo
11.611 7617 72
12.984 6815 83
15.400 5.751 18
18.776 4724 100
19.392 4575 74
22.473 3954 66
24.678 3.606 98
30.789 2.804 42

Fig. 2.3.78 Powder XRD data for
sucrose sample 22B.

20 A Vlo(D
11.559 7.651 73
12.686 6.974 54
16.926 5.773 61
18.615 4.764 89
19.401 4.573 100
24.732 3.598 69
25.281 3.521 69
27.369 2.926 53
30.9235 2.890 46

Fig. 2.3.79 Powder XRD data for
sucrose sample 22C.

20 dA Vio(I)
11.456 7.720 29
12.924 6.846 25
19.103 4.646 100
19.392 4.573 73
24.601 3.617 100
38221 2353 53
Fig. 2.3.80  Powder XRD data for
sucrose sample 23A.

20 d;A 1/To(D)
11.626 7.607 46
12.804 6910 73
15.758 5.621 24
16.199 5.469 22
19.118 4642 81
19912 4.459 81
22911 3.882 48
24.580 3.620 100
31.754 2.816 37
38357 2.345 45
40.201 2.243 46

Fig. 2.3.81 Powder XRD data for
sucrose sample 23B.
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20 d; A Vio(T)
11.521 7.677 56
12.961 6.827 69
15.287 5.793 42
18.684 4.747 84
19.429 4.566 100
24.584 3.619 91
30.951 2.88 42
31.834 2.810 42
38.596 2333 21
40.189 2244 20
51.233 1.78 42

Fig. 2.3.82 Powder XRD data for
sucrose sample 23C.

20 diA Vlo(D
11.935 7.415 40
12.995 6.812 40
13.529 6.545 71
15.688 5.649 36
19.103 4.646 76
19.892 4.463 78
24.997 3.562 100

Fig. 2.3.83 Powder XRD data for
sucrose sample 24A.

E—

26 d; A 1lo()
18.702 4.741 87
19.423 4.568 73
24.596 3.617 100
37.309 2.410 29
38.589 2.333 27

Fig. 2.3.84 Powder XRD data for
sucrose sample 24B.

.

2

»

20 A Vlo(D
11.811 7.489 70
12.782 6.922 50
19.055 4.655 100
19.545 4.539 90
24.78 3.590 9
27.520 3.239 64

Table 2.3.85 Powder XRD data for
sucrose sample 24C.
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Karl Fisher data were collected for samples including bottled sucrose. The data
(including error data) for samples 13A, 15C and bottled sucrose and are given below in

Table 2.3.4 and the data for all other samples are summarised in Table 2.3.5.

13A 1.096 0.608 0.800 0.834 0.201
15C 0.000691 | 0.000509 | -0.000263 | 0.000600 | 0.000091
Bottled sucrose | 0.000224 0.000224 | 0.000

Table 2.3.4  Karl Fisher moisture content data for sucrose Samples 13A, 15C and
bottled sucrose.

RB23s3 A SEES
P12

3
J‘H
1

13 0.225 0.359 0.299 0.313 0.498 0.339
14 1.650 0.450 0.221 0.774
15 0.579 0.789 0.834 0.734
16 0.560 0.418 0431 0.470
17 0.434 0.981 0.858 0.758
18 1.553 0.465 0.573 0.864
19 0.585 1.075 0.517 0.726
20 0.580 0.402 0.413 0.465
21 0.093 0.277 0.350 0.240
22 0.364 0.722 0.254 0.447
23 0.388 0.202 0.258 0.287
24 0.098 0.564 0.272 0311

Table 2.3.5 Karl Fischer moisture content data for sucrose crystals grown grown in
applied magnetic fields under static conditions.

2.3.1(c) Magnetic treatment of sucrose where the solution is pumped

This study was done in two parts: The first was carried out on normal grade sucrose
and the second an identical repeat using analytical grade sucrose. The results are
presented in Sections 2.3.1(c)(i) and 2.3.1(c)(ii) for normal and analytical grades

respectively.

2.3.1(c)(i)NORMAL GRADE SUCROSE

2.3.1(c)(i)(1) Visual observations

The visual observations recorded for each sucrose sample within each experiment
(there are 8 sucrose samples for each experiment) are given in Tables 2.3.6 to 2.3.18

and graphs 2.3.1 to 2.3.13. The morphology of each of the sucrose samples is
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described as being either wedge, dendritic or euhydral or combinations of some or all of these
forms, in addition with some notes describing the morphology. The graphs indicate the number
of primary nucleation centres in red and the total number of nucleation centres is shown in
blue. There are two sets of data for each experiment, since each was carried out in duplicate

are referred to as A and B.

Experiment 25 - Control

Run A Run B
1 wedge and dendritic | fine, clear crystals 1 wedge fine, clear crystals
2 wedge fine, clear crystals wedge fine, clear crystals
3 wedge fine sec. and chunkier 3 wedge chunky prim. and v. fine
prim. crystals sec. crystals
4 wedge fine sec. and chunkier 4 wedge chunky prim. and v. fine
prim. crystals : sec. crystals
5 wedge fine sec. and chunkier 5 wedge fine, clear crystals
prim. crystals
6 wedge and dendritic | fine sec. and chunkier 6 wedge fine sec. and chunkier
prim. crystals (some euhydral) prim. crystals
7 wedge fine sec. and chunkier 7 wedge fine sec. and chunkier
prim. crystals (some euhydral) prim. crystals
8 wedge fine sec. and chunky prim. 8 wedge fine sec. and chunkier
crystals (some euhydral) prim. crystals
Tables 23.6 A and B Summary of the visual observations of sucrose crystal morphology
recorded for Experiment 25.
Experiment 25 Run A Experiment 25 Run B
45 ——— 45 — i o it =
40 l 40
E 35 4 535
g 30 830
£ 825
] 20 320
i 15 4 H 15
s an ;10
! 5 | i 51
0 4 + 0 +
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

No. passes through tubing No. passes through tubing

Graphs 2.3.1 Aand B Number of nucleation centres (both primary and total)
versus No. passes recorded for Experiment 25.
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Experiment 26 - 265-300G permanent magnetic field

Run A Run B
SAMPLE | MORPHOLOGY NOTES SAMPLE | MORPHOLOGY | NOTES
1 euhydral and wedge | fine, clear crystals 1 euhydral fine, clear crystals
2 wedge and dendritic | chunky crystals 2 euhydral,  wedge | chunky, opaque crystals
and dendritic
3 wedge fine, opaque v. ordered 3 wedge chunky, opaque crystals
(some dendritic) crystals
4 euhydral, wedge ordered crystals 4 wedge chunky crystals
(some dendritic) (some dendritic)
s dendritic and wedge fine, wedge crystals 5 wedge fine, opaque crystals
(some dendritic)
6 dendritic fine sec. and chunkier 6 wedge chunky, opaque crystals
(some wedge) prim. crystals (some dendritic)
7 wedge and dendritic | fine opaque crystals 7 wedge chunky crystals
(some dendritic)
8 wedge and dendritic | fine opaque crystals 8 wedge fine, disordered crystals
(some dendritic)

Tables 2.3.7 A and B
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o

Experiment 26 Run A
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Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 26.
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Graphs 2.3.2 Aand B Number of nucleation centres (both primary and total)
versus No. passes recorded for Experiment 26.

Experiment 27 - 350-400G permanent magnetic field

Run A Run B
SAMPLE | MORPHOLOGY | NOTES SAMPLE | MORPHOLOGY | NOTES
1 euhydral and wedge | chunky, opaque, 1 euhydral and chunky, opaque crystals
disordered crystals dendritic
2 euhydral and ordered, chunkier crystals 2 euhydral chunky crystals
dendritic
3 euhydral and fine, opaque, disodered 3 wedge and dendritic | fine, opaque, ordered
dendritic crystals crystals
4 euhydral clear, ordered crystals 4 euhydral medium sized crystals
(some wedge)
5 euhydral fine, clear, ordered 5 cuhydral medium, opaque
(some wedge) crystals crystals
6 euhydral fine, v. clear crystals 6 wedge and dendritic | fine, opaque crystals
7 wedge v. fine, opaque crystals 7 euhydral, wedge medium sized crystals
(some dendritic) and dendritic
8 wedge v. fine, opaque crystals 8 wedge and dendritic | fine, opaque, ordered
(some dendritic) crystals

Tables 2.3.8 Aand B

Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 27.



Experiment 27 Run A

Experiment 27 Run B
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Graphs 2.3.3 Aand B Number of nucleation centres (both primary and total)
versus No. passes recorded for Experiment 27.

Run A Run B
SAMPLE | MORPHOLOGY NOTES SAMPLE | MORPHOLOGY | NOTES
1 euhydral and wedge | chunky eu., and medium 1 euhydral fine, opaque, disordered
wedge sized crystals crystals
2 cuhydral and wedge | chunky eu., and fine 2 euhydral and wedge | fine crystals
_wedge sized crystals
3 wedge fine, ordered crystals 3 euhydral and wedge | fine, opaque crystals
4 cuhydral and wedge | fine, opaque, ordered 4 euhydral and wedge | fine, opaque, disordered
crystals crystals
5 wedge fine, ordered crystals 5 euhydral, wedge fine, ordered crystals
and dendritic
6 wedge fine crystals 6 euhydral and wedge | fine crystals
(some dendritic)
7 euhydral chunky, opaque, ordered 7 euhydral and wedge | medium sized, opaque
crystals crystals
8 cuhydral and wedge | v. chunky eu. and fine 8 euhydral fine, clear ordered
(some dendritic) wedge, opaque crystals crystals

Tables 2.3.9 A and B
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Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 28.
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Graphs 2.3.4 Aand B Number of nucleation centres (both primary and total)
versus No. passes recorded for Experiment 28.
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Experiment 29 - 630-760G permanent magnetic field

Run A Run B
SAMPLE | MORPHOLOGY NOTES SAMPLE | MORPHOLOGY | NOTES
1 dendritic and wedge | v. fine, opaque, ordered 1 wedge and dendritic | chunky, opaque,
crystals disordered crystals
2 dendritic v. fine, v. opaque crystals 2 euhydral, wedge med. eu. and we,, v. fine
and dendritic dend. opaque crystals
3 euhydral fine, ordered crystals 3 dendritic and wedge | fine, opaque crystals
(wedge are clear)
4 dendritic v. fine, v. opaque, 4 euhydral, dendritic fine, opaque, disordered
disordered crystals and wedge crystals
5 dendritic and fine, opaque crystals ] dendritic and wedge | fine, opaque, disordered
euhydral crystals
6 euhydral fine, opaque crystals 6 euhydral clear crystals
(some dendritic)
7 euhydral, wedge and | chunky eu., v. fine dend., 7 dendritic and wedge | v. fine, v. opaque,
dendritic ordered crystals disordered crystals
8 euhydral medium sized and clear, 8 wedge and dendritic | opaque, ordered crystals
(some dendritic) ordered crystals

Tables 2.3.10 A and B

Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 29.

Experiment 29 Run A Experiment 29 Run B
45 + - — 45 -~ = —_— -
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No. passes through mag. field No. passes through mag. field

Graphs 2.3.5 A and B Number of nucleation centres (both primary and total)
versus No. passes recorded for Experiment 29.

Experiment 30 - AC electromagnetic field

Run A Run B
SAMPLE | MORPHOLOGY NOTES SAMPLE | MORPHOLOGY | NOTES
1 euhydral and wedge | chunky crystals 1 euhydral and wedge | chunky, opaque, ordered
crystals
2 euhydral centered ordered crystals 2 euhydral and wedge | v. chunky, ordered
wedge and dendritic crystals
3 wedge finer dendritic, clear, 3 wedge chunky, clear crystals
(some dendritic) ordered crystals
4 wedge clear crystals 4 euhydral and wedge | chunky, opaque,
(some dendritic) disordered crystals
5 euhydral medium sized crystals 5 wedge fine, ordered crystals
(some dendritic)
6 wedge medium sized, clear, 6 euhydral and wedge | chunky wedge, medium
ordered crystals sized euhydral crystals
7 euhydral and wedge | chunky, clear, ordered 7 euhydral and wedge | chunky, clear, ordered
crystals crystals
8 wedge medium sized and clear, 8 wedge and dendritic | fine, opaque, crystals
(some dendritic) ordered crystals

Tables 2.3.11 Aand B

Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 30.
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Experiment 30 Run A

Experiment 30 Run B
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Graphs 2.3.6 A and B Number of nucleation centres (both primary and total)
versus No. passes recorded for Experiment 30.
Experiment 31 - 50-100G DC electromagnetic field
Run A Run B
SAMPLE | MORPHOLOGY NOTES SAMPLE | MORPHOLOGY | NOTES
1 euhydral, wedge and | medium sized, clear 1 wedge fine, clear, ordered
dendritic crystals (some dendritic) crystals
2 wedge and dendritic | v. fine, opaque, ordered 2 wedge fine, ordered crystals
crystals (some dendritic)
3 wedge v. fine, opaque, ordered 3 euhydral, wedge chunky eu., fine we. &
crystals and dendritic dend., opaque crystals
4 wedge fine, ordered crystals 4 wedge fine, clear, ordered
(some euhydral) (some dendritic) crystals
5 wedge v. fine, clear, ordered 5 wedge fine primary, chunky
(some dendritic) crystals sec., opaque crystals
6 wedge and dendritic | v. fine crystals 6 wedge medium sized crystals
(some dendritic)
7 dendritic and wedge | fine, opaque, disordered 7] euhydral, wedge chunky, opaque crystals
crystals and dendritic
8 wedge fine and clear, ordered 8 dendritic medium sized crystals
(some dendritic) crystals (some wedge)

Tables 2.3.12 A and B
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Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 31.

Experiment 31 Run A

1 2 3 4

5 6 4 8

No. passes through mag. field

Experiment 31 Run B

~&— Primary
nucleation
centres

——Tota
nucleation
centres

No. passes through mag. field

4 5 6

Graphs 2.3.7 A and B Number of nucleation centres (both primary and total)
versus No. passes recorded for Experiment 31.

i



Experiment 32 - 100-220G DC electromagnetic field
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Run A Run B
| SAMPLE | MORPHOLOGY | NOTES SAMPLE | MORPHOLOGY NOTES
1 wedge and dendritic | medium sized crystals 1 wedge and dendritic | fine, opaque, disordered
crystals
2 euhydral and wedge | medium sized, clear 2 euhydral and wedge | chunky, ordered crystals
crystals
3 wedge and dendritic | chunkier crystals 3 wedge and dendritic | chunky, clear crystals
4 euhydral, wedge and | medium sized, disordered 4 wedge and dendritic | medium sized, ordered
dendritic crystals (dend. V. opaque) crystals
5 dendritic medium sized, opaque, 5 euhydral and wedge | chunky, ordered
disordered crystals crystals
6 dendritic fine, opaque, disordered 6 wedge and dendritic | fine, opaque, disordered
crystals crystals
7 wedge and dendritic | fine, clear, ordered 7 dendritic and wedge | chunky, opaque,
(some euhydral) crystals disordered crystals
8 w fine crystals 8 euhydral and wedge | v. chunky euhydral and
(some dendritic) (some dendritic) wedge crystals (dend.
medium sized)
Tables 2.3.13 Aand B Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 32.
Experiment 32 Run A Experiment 32 Run B
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Graphs 2.3.8 A and B Number of nucleation centres (both primary and total)

Experiment 33 - 150-340G DC electromagnetic field

versus No. passes recorded for Experiment 32.

Run A Run B
SAMPLE | MORPHOLOGY NOTES SAMPLE | MORPHOLOGY | NOTES
1 wedge fine, clear, ordered 1 wedge and dendritic | fine, disordered crystals
crystals
2 cuhydral, wedge and | fine crystals 2 euhydral and wedge | v. chunky wedge & fine
dendritic dend., opaque, crystals
3 wedge and dendritic | medium sized, ordered 3 wedge and dendritic | fine, ordered crystals
(some euhydral) crystals
4 wedge chunky wedge & fine 4 wedge and dendritic | v. chunky wedge & fine
(some dendritic) dendritic, clear crystals dend., ordered crystals
5 euhydral, wedge and | chunky wedge & v. fine 5 euhydral and wedge | chunky wedge & fine
dendritic dendritic, clear crystals dend., opaque, crystals
6 wedge medium sized, ordered 6 wedge and dendritic | chunky, clear,
crystals disordered crystals
7 wedge and dendritic | fine, clear, disordered 7 dendritic and wedge | medium sized, clear,
crystals disordered crystals
8 dendritic and wedge | fine crystals 8 euhydral and wedge | v. chunky euhydral and
(some dendritic) wedge crystals (dend.
medium sized)
Tables 2.3.14 A and B Summary of the visual observations of sucrose crystal

morphology recorded for Experiment 33.
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Graphs 2.3.9 A and B Number of nucleation centres (both primary and total)
versus No. passes recorded for Experiment 33.
Experiment 34 - 190-500G DC electromagnetic field
Run A Run B
SAMPLE | MORPHOLOGY NOTES _ SAMPLE MORPHODOGY NOTES
1 euhydral, wedge and | chunky, opaque, 1 euhydral, wedge chunky, opaque,
dendritic disordered crystals and dendritic disordered crystals
2 euhydral and chunky, v. opaque, 2 euhydral and chunky, v. opaque,
dendritic disordered crystals dendritic disordered crystals
3 euhydral, wedge and | medium sized, opaque 3 euhydral, wedge medium sized, opaque
dendritic crystals and dendritic crystals
4 euhydral and wedge | chunky, opaque crystals 4 euhydral and wedge | chunky, opaque crystals
5 euhydral medium sized, disordered 5 euhydral medium sized, opaque,
crystals disordered crystals
6 euhydral, wedge and | fine, opaque, disordered 6 cuhydral, wedge chunky, opaque,
dendritic crystals and dendritic disordered crystals
7 euhydral and wedge | chunky crystals 7 euhydral and wedge | chunky crystals
(some dendritic)
8 euhydral and wedge | medium sized, clear 8 euhydral and wedge | medium sized, clear,
ordered crystals ordered crystals

Tables 2.3.15 Aand B
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Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 34.
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Graphs 2.3.10 A and B Number of nucleation centres (both primary and total)

versus No. passes recorded for Experiment 34.
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Experiment 35 - 220-600G DC electromagnetic field

Run A Run B
SAMPLE | MORPHOLOGY NOTES SAMPLE | MORPHOLOGY | NOTES
1 euhydral medium sized, clear, 1 wedge fine crystals
disordered crystals (some dendritic)
2 wedge-strange grey fine, v. opaque crystals 2 euhydral medium sized, clear,
scales (some wedge) disordered crystals
3 euhydral medium sized, v. clear 3 euhydral and wedge | medium sized,
crystals disordered crystals
4 euhydral fine, v. clear crystals 4 euhydral chunky, v. clear crystals
5 euhydral fine, v. clear crystals s euhydral chunky, clear crystals
6 euhydral fine, v. clear, disordered 6 cuhydral medium sized, clear
crystals crystals
7 euhydral fine, v. clear crystals 7 euhydral fine, clear, ordered
crytals
8 wedge fine, v. clear crystals 8 euhydral (some grey | medium sized, opaque,
scaly areas) disordered crystals

Tables 2.3.16 A and B
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Experiment 36 - 300-680G DC electromagnetic field

versus No. passes recorded for Experiment 35.

7 8

Run A Run B
SAMPLE | MORPHOLOGY NOTES | SAMPLE | MORPHOLOGY | NOTES
1 dendritic and wedge | fine, opaque crystals 1 dendritic and wedge | fine, clear crystals
2 dendritic and wedge | fine, v. opaque crystals 2 dendritic, wedge fine, opaque, disordered
and euhydral (some | crystals
grey scaly areas)
3 dendritic and wedge | medium sized, opaque, 3 wedge, dendritic medium sized, opaque,
disordered crystals and euhydral disordered crystals
4 wedge and dendritic | chunky, opaque, K dendritic and wedge | medium sized, opaque
disordered crystals disordered crystals
5 wedge and dendritic | chunky, opaque, 5 euhydral, wedge chunky, opaque
disordered crystals and dendritic stalls
6 wedge fine, v. opaque crystals 6 wedge medium sized, clear
crystals
T wedge and dendritic | medium sized, opaque 7 wedge and dendritic | medium sized wedge &
crystals (some grey, scaly v. fine dendritic crystals
areas)
8 wedge and dendritic | chunky, ordered crystals 8 dendritic and wedge | v. fine, v. opaque
crystals

Tables 2.3.17 A and B

Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 36.
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Graphs 2.3.12 A and B Number of nucleation centres (both primary and total)
versus No. passes recorded for Experiment 36.
Experiment 37 - Pulsed field
Run A Run B
SAMPLE | MORPHOLOGY Sl : | SAMPLE | MORPHOLOGY | NOTES
1 dendritic and wedge | fine, clear and ordered 1 wedge fine crystals
crystals (some dendritic)
2 euhydral, wedge and | chunky, crystals 2 euhydral and wedge | chunky, opaque,
dendritic disordered crystals
3 wedge and dendritic | medium sized, ordered 3 w fine crystals
(some euhydral) crystals (some dendritic)
4 wedge chunky wedge & fine 4 wedge fine, opaque crystals
(some dendritic) dendritic, clear, ordered (some dendiritic)
crystals
5 euhydral, wedge and | chunky wedge & v. fine 5 wedge medium sized, clear,
dendritic dendritic, opaque, (some euhydral) ordered crystals
disordered crystals
6 wedge medium sized, ordered 6 euhydral and wedge | chunky, opaque crystals
crystals
7 wedge and dendritic | fine, clear, disordered 7 cuhydral and wedge | medium sized, opaque
crystals crystals
8 dendritic and wedge | fine crystals 8 wedge chunky, ordered crystals

Tables 2.3.18 A and B

morphology recorded for Experiment 37.
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Graphs 2.3.13 A and B Number of nucleation centres (both primary and total)

versus No. passes recorded for Experiment 37.
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2.3.1(c)(i)(2) Scanning Electron Microscopy results

Scanning Electron Microscopy studies were carried out only on a selection of sucrose
samples, however these amount to hundreds of photographs of sucrose crystal surfaces.
Only a selection have been included at the end of this section and illustrate key
morphology features. The main aim of this study was to establish that changes in sucrose
crystal features could be obtained under different applications of magnetic fields. The
results, therefore are given in both morphology description and where applicable,

microcrystalline dimensions. The Figures in square brackets [2.3.86] to [2.3.114],

correspond to the Figures given at the end of this section.

Experiment 25 - Control

Run A

25(3) T Flat surfaces, an ;30pmA
microcrystals[2.3.86]

25(4) Rounded microcrystals ~40pm

25(7) Layered[2.3.87], uneven surface, rounded ~30pm
microcrystals

Table 2.3.19 SEM observations for sucrose Samples in Experiment 25, Run A.

Run B

25(2) Flat surfaces and angled edges|2.3.88], bubbled ~20-40pm
surface indicative of degassing sample[2.3.89],
rounded microcrystals

25(3) Rounded microcrystals, bubbled rounded surface ~20-30pm

25(6) Directional layers in regular straight lines across ~20-60pm
surface or possibly pitting, rounded microcrystals

25(8) Regular, stepped layers

Table 2.3.20 SEM observations for sucrose Samples in Experiment 25, Run B.

Experiment 26 - 265-300G Permanent field

26(2) Extensively pitted surface[2.3.90], and layered ﬂ

owth
26(4) Rounded microcrystals[2.3.91] ~30-60pum
26(5) Rounded microcrystals, flat surfaces ~10-30pum
26(6) Rounded microcrystals, uneven cracked surface ~10-20pm

Table 2.3.21 SEM observations for sucrose Samples in Experiment 26.
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Experiment 27 - 350-400G Permanent field

27(2) Rounded, uneven, pitted surface, no microcrystals
27(6) Extensively pitted surface, no microcrystals

Table 2.3.22 SEM observations for sucrose Samples in Experiment 27.

Experiment 28 - 540-620G Permanent field

Flat surface with wave-like texture, no microcrystals

28(2)
28(8) Flat surfaces, angled edges, rounded ~10-30pm
microcrystals[2.3.92]

Table 2.3.23 SEM observations for sucrose Samples in Experiment 28.

Experiment 29 - 630-760G Permanent field

29(1) Pitted layered surface surfaces
29(4) Directional layers on surface
29(5) Rounded microcrystals ~5-10pm
29(8) Scaly stucture[2.3.93], well-formed ~20-40pm
microcrystals[2.3.94 & 96]. very flat surfaces and
angled edges|2.3.95]

Table 2.3.24 SEM observations for sucrose Samples in Experiment 29.

Experiment 30 - AC electromagnetic field

30(2) '"I’\Axcrocrystalslz.337 & 98], directional extensively ~10pm
pitted surfaces[2.3.99],

30(7) Layered, chunky stepped growth

30(8) Rounded, elongated crystals[2.3.100] ~10pum’® x length

Table 2.3.25 SEM observations for sucrose Samples in Experiment 30.

Experiment 31 - 50-100G DC electromagnetic field

A‘ P

31(3) Microcrystals, on rounded surface ~5-20pm
31(5) Well formed microcrystals|[2.3.101], rounded, pitted ~10-40pm
surface
31(8) Flat surfaces and angled edges[2.3.102], layered ~20-60pm
owth[2.3.103], rounded microcrystals|[2.3.104]

Table 2.3.26 SEM observations for sucrose Samples in Experiment 31.
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Experiment

32 - 100-220G DC electromagnetic field

g

2 ~‘, 3 333 e in 21 ‘zzﬁ;

: S AR S SR AR RS B b ARG
32(2) Rounded plate-like microcrystals and flat ~50p
surfaces[2.3.105)
32(6) Flat surfaces, rounded microcrystals[2.3.106] ~20-50pm

Table 2.3.27 SEM observations for sucrose Samples in Experiment 32.

Experiment 33 - 150-340G DC electromagnetic field

44 .mw I g .
Surface covered with well formed microcrystals and

33(2
rounded surfaces
33(4) Pitted surface and rounded microcrystals ~20-30pm
33(5) Rounded microcrystals, rounded surfaces ~60pm
33(6) Flat surfaces, rounded microcrystals ~20-50pm
33(7) Layered growth in straight lines, possibly ~30pm
pitting[2.3.107] elongated crystal growth[2.3.108]
33(8) Rounded flat microcrystals, flat surfaces ~20-30pm

Table 2.3.28 SEM observations for sucrose Samples in Experiment 33.

i

Experiment 34 - 190-500G DC electromagnetic field

3.

S SR

34(1) Extensive surface coverage with ~20-40pm
microcrystals[2.3.109]

34(3) Flat surfaces, pitted surfaces ~5-20pm

34(6) Well formed microcrystals[2.3.110], flat, layered ~50pm

surfaces

Table 2.3.29 SEM observations for sucrose Samples in Experiment 34.

Experiment 35 - 220-600G DC electromagnetic field

35(3) Microcrystals, elongated crystal . ~20-30pm
morphology[2.3.111], rounded edges, pitted surfaces
35(5) Microcrystals, elongated crystal morphology ~20-30pm

Table 2.3.30 SEM observations for sucrose Samples in Experiment 35.
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Experiment 37 - Pulsed field

“SampleNo. | [ Microerystalline
S i R e e e B sl dinensions
37(2) Microcrystals, regular lined pitting[2.3.112], ~20-30pm
directional layered growth[2.3.113]
37(4) Layered pitted surface[2.3.114]
37(5) Rounded microcrystals, pitted surface ~30pm
37(7) Rounded microcrystals ~20-40pm

Table 2.3.31 SEM observations for sucrose Samples in Experiment 37.

Fig. 2.3.86 Sucrose sample 25(3) Run A.  Fig.2.3.87 Sucrose sample 25(7) Run A.

Fig. 2.3.88 Sucrose sample 25(2) Run B.  Fig. 2.3.89 Sucrose sample 25(2) Run B.

Fig. 2.3.90 Sucrose sample 26(2).

Fig. 2.3.91 Sucrose sample 26(4).
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Fig. 2.3.95 Sucrose sample 29(8).

B

Lt

Fig. 2.3.98 Sucrose sample 30(2). Fig. 2.3.99 Sucrose

sample 30(2).
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Fig. 2.3.106 Sucrose sample 32(6).
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Fig. 2.3.112 Sucrose sample 37(2). Fig. 2.3.113 Sucrose sample 37(2).

Fig. 2.3.114 Sucrose sample 37(4).
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2.3.1(c)(i)(3) Differential Scanning Calorimetry Results

The DSC data are given in the form of tables of melting points (Tables 2.3.32 to 2.3.45).
Where the table is blank no additional features were observed. The temperatures of the
additional features, in addition to the main sucrose melting point, are given and the relative
size of these features in comparison to the sucrose melting peak is indicated using the

following abreviations:

VVS = very, very small M = medium
VS = very small L = large
S =small VL = very large

Experiment 25 - Control

Run A
1 151.17 S 176.41
2 151.17 S 171.58
3 151.17 S 176.33
4 150.17 S 181.82
5 150.17 VS 182.58
6 152.17 VS 179.39
7 150.17 VS 177.48
8 153.83 VS 181.88

Table 2.3.32 DSC data on sucrose samples 1 to 8 from Experiment 25, Run A.

Run B

T ey
1 153.80 VS 181.00
2 152.80 S 180.90
3 153.80 S 157.40 S 183.60
4 152.80 VS 180.00
5 156.20 VVS 186.08
6 182.20
7 154.80 VS 183.95
8 153.80 VS 183.04

Table 2.3.33 DSC data on sucrose samples 1 to 8 from Experiment 25, Run B.
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Experiment 26 - 265-300G Permanent field

1 153.83 VS 176.56
2 151.17 S 177.64
3 15217 S 175.88
4 13533 VS 15217 M 178.08
5 15217 S 179.25
6 152.83 S 180.23
7 152.83 S 157.50 S 178.17
8 152.83 S 178.30

Table 2.3.34 DSC data on sucrose samples 1 to 8 from Experiment 26.

Experiment 27 - 350-400G Permanent field

181,64

1 153.80 VS

2 153.80 S 182.51
3 153.80 S 177.83
4 152.80 S 182.31
5 153.80 S 158.80 S 181.99
6 155.40 VS 184.93
7 153.80 S 183.73
8 152.80 S 183.84

Table 2.3.35 DSC data on sucrose samples 1 to 8 from Experiment 27.

Experiment 28 - 540-620G Permanent field

:ighn Ghikﬂ’iﬁiﬂ-hi
% d

1 15380 VS 178.46
2 152.80 S 178.94
3 153.80 S 183.13
4 15540 S 179.70
5 178.89
6 180.93
7 153.80 VS 183.06
8 15540 VS 181.93

Table 2.3.36 DSC data on sucrose samples 1 to 8 from Experiment 28.
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Experiment 29 - 630-760G Permanent field

1 153.40 VVS
> 153.40 VVS 175.06
3 153.40 VS 184.00
4 152.80 VS 180.95
5 186.33
6 185.85
- 15420 VVS 185.69
3 154.80 VS 186.88

Table 2.3.37 DSC data on sucrose samples 1 to 8 from Experiment 29.

Experiment 30 - AC electromagnetic field

1 154.87 S 185.96
2 155.40 VS 184.20
3 153.80 S 185.37
4 153.80 S 185.21
5 152.80 S 185.41
6 153.80 VS 184.77
” 153.80 S 184.39
8 153.80 S 184.37

Table 2.3.38 DSC data on sucrose samples 1 to 8 from Experiment 30.

Experiment 31 - 50-100G DC electromagnetic field

£ s

1 15383 S

2 15283 S 183.11
3 152.83 S 180.43
4 15283 S 179.92
5 152.83 S 182.71
6 152.83 S 180.63
” 152.83 VS 185.59
8 151.17 S 183.24

Table 2.3.39 DSC data on sucrose samples 1 to 8 from Experiment 31.
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Experiment 32 - 100-220G DC electromagnetic field

1 182.42
2 153.80 VS 184.20
3 157.40 VS 177.60
4 155.40 VS 181.00
g 15820 VVS 184.24
6 15540 S 179.93
7 156.20 VS 180.44
8 154.80 VVS 183.27

Table 2.3.40 DSC data on sucrose samples 1 to 8 from Experiment 32.

Experiment 33 - 150-340G DC electromagnetic field

1 152.83 VS 179.94
2 152.83 S 168.67 S 180.38
3 15550 VS 181.69
4 153.83 S 185.13
5 152.83 S 184.70
6 15217 S 184.33
P 153.80 VS 170.19
8 153.83 VS 160.17 VS 184.14

Table 2.3.41 DSC data on sucrose samples 1 to 8 from Experiment 33.

Experiment 34 - 190-500G DC electromagnetic field

B 154.80 VVS 187.95
2 154.80 VVS 188.50
3 153.80 VS 185.79
4 188.34
5 15280 VVS 188.27
6 157.40 VVS 190.25
- 153.80 VS 185.71
P 154.80 VVS 188.21

Table 2.3.42 DSC data on sucrose samples 1 to 8 from Experiment 34.
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Experiment 35 - 220-600G DC electromagnetic field

153.40 VS 178.46
155.20 VVS 179.22
175.93
153.40 VVS 176.77
169.73
166.28
165.11
8 162.97

Table 2.3.43 DSC data on sucrose samples 1 to 8 from Experiment 35.

NN U W N -

Experiment 36 - 300-680G DC electromagnetic field

1 | 15283 S 176.03
2 152.17 VS 173.92
3 15217 S 172.89
P 15117 S 181.63
5 153.83 S 173.91
6 15283 S 166.00
7 152.83 S 175.37
8 15283 S 171.82

Table 2.3.44 DSC data on sucrose samples 1 to 8 from Experiment 36.

Experiment 37 - Pulsed field

i ww@{ : S 5 *1-@- E T
1 152.83 S 181.48
2 151.50 S 176.79
3 180.59
4 152.83 VS 178.84
5 152.83 S 179.04
6 153.83 S 179.87
7 152.83 VVS 180.93
8 154.83 VS 188.97

Table 2.3.45 DSC data on sucrose samples 1 to 8 from Experiment 37.
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2.3.1(c)(ii) ANALYTICAL GRADE SUCROSE

The results are presented for the second part of the pumped sucrose solution study carried out

on analytical grade sucrose solutions.

2.3.1(c)(ii)(1) Visual observations

The visual observations recorded for each sucrose sample within each experiment 38 to 50 are
given in Tables 2.3.46 to 2.3.58 and 2.3.14 to 2.3.26. The format in which the data is

presented is the same as for the normal grade sucrose study.

Experiment 38 - Control

Run A Run B
1 dendritic fine, v. opaque, ordered 1 wedge v. fine, opaque, ordered
crystals (some dendritic) crystals
2 wedge medium sized, v. ordered 2 wedge and dendritic | chunky (w) and fine
(some dendritic) crystals (dend), v. opaque,
crystals
3 dendritic fine, v. opaque, ordered 3 wedge v chunky (w) and v. fine
(some wedge) crystals (some dendritic) (dend), v, opaque,
ordered crystals
4 wedge chunky, ordered crystals 4 wedge and dendritic | chunky, crystals
(some dendritic)
5 wedge and dendritic | chunky, opaque, s wedge chunky, opaque, ordered
disordered crystals (some dendritic) crystals
6 wedge and dendritic | medium sized, opaque, 6 wedge and dendritic | v. chunky crystals
disordered crystals
7 wedge v. fine, opaque, ordered 7 wedged and v. chunky, v. opaque
(some dendritic) crystals dendritic crystals
8 wedge and dendritic | medium sized opaque, 8 wedge v. chunky (w) and v.
disordered crystals fine (dend), opaque

crystals

Tables 2.3.46 A and B
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Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 38.
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Graphs 2.3.14 A and B Number of nucleation centres (both primary and total)
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Experiment 39 - 265-300G permanent field

Run A Run B
SAMPLE | MORPHOLOGY NOTES SAMPLE | MORPHOLOGY | NOTES
1 wedge chunky, clear, ordered 1 euhydral chunky, v. clear crystals
crystals
2 wedge chunky, clear crystals 2 euhydral, wedge medium sized, v.
and dendritic opaque, disordered
crystals
3 wedge and dendritic | v. fine, opaque, disordered 3 euhydral, wedge chunky, v. opaque,
crystals and dendritic disordered crystals
4 wedge and dendritic | chunky, v. opaque, 4 euhydral chunky, disordered
disordered crystals crystals
5 wedge and dendritic | fine crystals 5 euhydral medium sized,
disordered crystals
6 wedge chunky, opaque, ordered 6 euhydral fine, clear crystals
crystals
7 wedge medium sized, ordered 7 euhydral medium sized, clear
(some dendritic) crystals crystals
8 wedge and dendritic | medium sized opaque 8 euhydral fine, v. clear crystals
crystals

Tables 2.3.47 A and B
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Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 39.
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Graphs 2.3.15 A and B Number of nucleation centres (both primary and total)

Experiment 40 - 350-400G permanent field

versus No. passes recorded for Experiment 39.

Run A Run B
SAMPLE | MORPHOLOGY NOTES SAMPLE | MORPHOLOGY | NOTES
1 euhydral chunky, opaque crystals 1 wedge chunky, clear crystals
(some dendritic)
2 wedge and dendritic | chunky crystals 2 wedge and dendritic | chunky wedge & fine
dend., v. opaque crystals
3 dendritic fine, v. opaque crystals 3 dendritic v. fine, v. opaque
crystals
4 dendritic chunky, v. opaque 4 dendritic fine, v. opaque,
crystals (some wedge) disordered crystals
5 wedge chunky, ordered crystals 5 dendritic fine, v. opaque,
(some wedge) disordered crystals
6 wedge chunky crystals 6 wedge chunky, opaque crystals
(some dendritic) (some dendritic)
7 dendritic medium sized, v. opaque 7 wedge medium sized, opaque
crystals (some dendritic) crystals
8 euhydral and wedge v. chunky, clear euhydral 8 wedge v. chunky, opaque
& chunky, v. opaque crystals
wedge crystals

Tables 2.3.48 A and B

Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 40.
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Graphs 2.3.16 A and B Number of nucleation centres (both primary and total)
versus No. passes recorded for Experiment 40.
Experiment 41 - 540-620G permanent field
Run A Run B
SAMPLE | MORPHOLOGY NOTES SAMPLE | MORPHOLOGY | NOTES
1 wi chunky, clear, ordered 1 wedge chunky wedge & fine
(some dendritic) crystals (some dendritic) dendritic, opaque
crystals
2 wedge chunky, clear, ordered 2 wedge fine, opaque crystals
crystals
3 wedge v. chunky, ordered 3 wedge fine crystals
crystals (some dendritic)
4 wedge and dendritic | medium sized crystals 4 dendritic fine, v. opaque crystals
(some wedge)
5 wedge and dendritic | medium sized crystals 5 dendritic and wedge | fine crystals
6 wedge and dendritic | medium sized crystals 6 wedge medium sized wedge &
(some dendritic) fine dend., opaque
crystals
” wedge fine, clear, ordered 7 wedge chunky, clear, ordered
crystals crystals
8 wedge chunky, ordered crystals 8 wedge chunky wedge & fine
(some dendritic) (some dendritic) dendritic, opaque
crystals

Tables 2.3.49 A and B
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Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 41.
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Graphs 2.3.17 A and B Number of nucleation centres (both primary and total)
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Experiment 42 - 630-760G permanent field

Run A Run B
SAMPLE | MORPHOLOGY | NOTES SAMPLE | MORPHOLOGY | NOTES
1 wedge fine, clear ordered crystals 1 wedge medium sized, opaque
(some dendritic) crystals
2 wedge medium sized, clear 2 wedge and dendritic | medium sized crystals
(some dendritic) crystals
3 wedge v. fine, clear ordered 3 wedge and dendritic | fine, opaque crystals
(some dendritic) crystals
4 dendritic medium sized opaque 4 dendritic medium sized, ordered
crystals crytals
dendritic and wedge | fine crystals 5 dendritic and wedge | chunky, clear crystals
6 wedge chunky, ordered crystals 6 wedge chunky, clear crystals
(some dendritic) (some dendritic)
7 dendritic v. chunky, opaque, 7 dendritic chunky, clear crystals
(some wedge) disordered crystals (some wedge)
8 dendritic fine crystals 8 dendritic fine, opaque crystals
(some wedge)

Tables 2.3.50 A and B
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Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 42.
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Graphs 2.3.18 A and B Number of nucleation centres (both primary and total)

Experiment 43 - AC electromagnetic field

versus No. passes recorded for Experiment 42.

Run A Run B
SAMPLE | MORPHOLOGY NOTES _ SAMPLE | MORPHOLOGY | NOTES
1 euhydral and wedge | chunky, clear, ordered 1 euhydral and wedge | medium sized, clear
crystals crystals
2 wedge chunky, opaque, ordered 2 wedge and dendritic | medium sized wedge &
(some dendritic) crystals fine, v. opaque dendritic
crystals
3 wedge chunky, v. clear, ordered 3 dendritic v. fine, v. opaque,
(some dendritic) crystals ordered crystals
4 wedge and euhydral | v. chunky, clear, 4 wedge and dendritc | medium sized, opaque
v. ordered crystals crystals
5 wedge v. chunky wedge & 5 euhydral chunky, opaque crystals
(some dendritic) medium sized euhydral,
ordered crystals
6 wedge v. chunky, ordered 6 dendritic v. fine, v. opaque,
(some euhydral) crystals ordered crystals
7 wedge medium sized, clear 7 wedge and dendritic | chunky wedge & fine
(some dendritic) crystals (some euhydral) dendritic, clear crystals
8 wedge chunky, clear wedge & 8 euhydral and wedge | chunky, clear, ordered
(some dendritic) fine, opaque dend. crystals (some dendritic) crystals

Tables 2.3.51 A and B

Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 43.
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Graphs 2.3.19 A and B Number of nucleation centres (both primary and total)
versus No. passes recorded for Experiment 43.
Experiment 44 - 50-100G DC electromagnetic field
Run A Run B
SAMPLE | MORPHOLOGY NOTES SAMPLE | MORPHOLOGY | NOTES
1 wedge medium sized, clear 1 euhydral v. chunky, clear,
crystals (some wedge) disordered crystals
2 wedge chunky, disordered 2 euhydral and wedge | v. chunky, clear,
(some dendritic) crystals disordered crystals
3 wedge and dendritic | medium sized crystals 3 euhydral v. chunky, clear,
disordered crystals
4 wedge medium sized, clear 4 euhydral and wedge | medium sized crystals
(some euhydral) crystals
5 w fine crystals 5 euhydral and wedge | chunky, clear crystals
(some dendritic)
6 wedge v. fine, opaque, disordered 6 euhydral v. chunky, disordered
(some dendritic and crystals crystals
euhydral)
7 euhydral chunky, opaque crystals 7 euhydral v. chunky euhydral & v.
(some wedge) (some wedge) fine wedge, opaque, v.
disordered crystals
8 wedge and dendritic | chunky crystals 8 euhydral and wedge | chunky, clear, ordered
crystals

Tables 2.3.52 A and B
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Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 44.
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Graphs 2.3.20 A and B Number of nucleation centres (both primary and total)

versus No. passes recorded for Experiment 44.
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Experiment 45 - 100-220G DC electromagnetic field

Run A Run B
SAMPLE | MORPHOLOGY NOTES SAMPLE | MORPHOLOGY NOTES
1 dendritic and wedge | fine, opaque crystals 1 euhydral chunky euhyd. & fine
(wedge and wedge and dendritic,
dendritic) opaque crystals
2 wedge and dendritic | fine, clear, ordered crystals 2 wedge and dendritic | medium sized wedge & v.
fine dendritic crystals
3 euhydral, wedge and | medium sized, opaque, 3 dendritic and wedge | medium sized wedge & v.
dendritic disordered crystals fine, opaque crystals
4 euhydral and wedge | medium sized, disordered 4 wedge and dendritic | medium sized wedge & v.
crystals fine dend., opaque crystals
5 wedge chunky wedge & fine 5 euhydral and wedge | medium sized, opaque
(some dendritic) dendritic, clear crystals crystals
6 wedge and dendritic | fine, clear, disordered crystals 6 wedge and dendritic | v. chunky wedge & v. fine
(some euhydral) dend., opaque crystals
7 wedge chunky, opaque, ordered 7 wedge fine, opaque crystals
(some dendritic) crystals
8 euhydral, wedge chunky wedge & euhyd., v. 8 wedge v. fine, v. opaque crystals
(some dendritic) fine dend., opaque crystals (some dendritic)

Tables 2.3.53 Aand B

Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 45.

Experiment 45 Run A Experiment 45 Run B
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Graphs 2.3.21 A and B Number of nucleation centres (both primary and total)
versus No. passes recorded for Experiment 45.
Experiment 46 - 150-340G DC electromagnetic field
Run A Run B
SAMPLE | MORPHOLOGY NOTES SAMPLE | MORPHOLOGY NOTES
1 wedge v. chunky, opaque, 1 wedge and dendritic chunky, disordered
(some dendritic) disordered crystals crystals
2 wedge medium sized, clear, 2 dendritic and wedge chuny wedge & fine
(some dendritic) ordered crystals dend., opaque crystals
3 wedge and dendritic | fine, opaque crystals 3 wedge and dendritic medium sized, opaque
crystals
4 euhydral medium sized, clear, 4 wedge and dendritic v. chunky wedge &
ordered crystals med. sized dendritic,
opaque crystals
5 euhydral and wedge | chunky wedge & fine 5 wedge v. chunky, ordered
dendritic, opaque crystals (some dendritic) crystals
6 wedge fine, ordered crystals 6 dendritic fine, opaque, v.
(some dendritic) disordered crystals
7 wedge chunky wedge & fine 7 wedge and dendritic v. chunky & v. fine
dendritic , clear crystals dend., opaque crystals
8 euhydral v. chunky wedge & fine 8 wedge chunky, clear crystals
dendritic, clear crystals

Tables 2.3.54 A and B

Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 46.
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Experiment 46 Run A Experiment 46 Run B
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Graphs 2.3.22 A and B Number of nucleation centres (both primary and total)
versus No. passes recorded for Experiment 46.
Experiment 47 - 190-500G DC electromagnetic field
Run A Run B
SAMPLE | MORPHOLOGY NOTES SAMPLE | MORPHOLOGY NOTES
1 dendritic v. fine, v. opaque, 1 dendritic v. fine, v. opaque,
disordered crystals disordered crystals
2 dendritic v. fine, v. opaque, 2 wedge and dendritic medium sized wedge
disordered crystals & fine dendritic, clear
crystals
3 wedge and dendritic medium sized wedge & v. 3 wedge and dendritic fine, opaque crystals
fine dendritic, opaque
crystals
4 wedge and dendritic v. fine, opaque, 4 wedge and dendritic v. fine, opaque,
disordered crystals disordered crystals
5 dendritic v. fine, v. opaque, 5 wedge and dendritic fine wedge & v. fine
disordered crystals dendritic, opaque
crystals
6 euhydral and dendritic | medium sized euhydral & 6 dendritic fine, opaque crystals
v. fine dendritic, opaque
crystals
7 euhydral and dendritic | medium sized euhydral & 7 wedge v. fine, ordered
v. fine dendritic, opaque (some dendritic) crystals
crystals
8 wedge and dendritic fine euhydral & v. fine 8 wedge fine, opaque crystals
wedge, opaque crystals (some dendritic)

Tables 2.3.55 Aand B

Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 47.

Experiment 47 Run A Experiment 47 Run B
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Graphs 2.3.23 A and B Number of nucleation centres (both primary and total)
versus No. passes recorded for Experiment 47.
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Experiment 48 - 220-600G DC electromagnetic field

Run A Run B
SAMPLE | MORPHOLOGY NOTES SAMPLE | MORPHOLOGY NOTES
1 wedge and dendritic fine, opaque, disordered 1 wedge medium sized, opaque,
crystals (some dendritic) disordered crystals
2 wedge and dendritic fine, opaque, disordered 2 wedge and dendritic fine, v. disordered crystals
crystals
3 wedge fine, opaque crystals 3 wedge and dendritic medium sized wedge & v.
(some dendritic) fine dend., opaque crystals
4 wedge and dendritic medium sized wedge & 4 dendritic v. fine, v. opaque, v.
(some euhydral) euhydral, v. fine (some wedge) disordered crystals
dendritic, opaque crystals
5 wedge medium sized, opaque, 5 wedge and dendritic medium sized wedge & v.
(some dendritic) disordered crystals fine dend., v. opaque,
disord. crystals
6 wedge and dendritic medium sized, opaque, 6 wedge and dendritic fine, v. opaque, disordered
disordered crystals crystals
7 euhydral and wedge chunky, ordered crytals 7 euhydral chunky, opaque,
(some wedge) disordered crystals
8 euhydral and wedge v. chunky, ordered 8 wedge and euhydral medium sized crystals
crystals

Tables 2.3.56 A and B
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Summary of the visual observations of sucrose crystal
morphology recorded for Experiment 48.
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Graphs 2.3.24 A and B Number of nucleation centres (both primary and total)
versus No. passes recorded for Experiment 48.
Experiment 49 - 300-680G DC electromagnetic field
Run A Run B
SAMPLE | MORPHOLOGY NOTES SAMPLE | MORPHOLOGY NOTES
1 slightly euhydral medium sized, clear 1 dendritic v. fine, clear, ordered
crysstals crystals
2 wedge and dendritic fine, opaque crystals 2 wedge and dendritic chunky wedge & v.
fine dendritic crystals
3 dendritic fine, opaque, ordered 3 wedge and dendritic chunky wedge & v.
crystals fine dendritic crystals
4 cuhydral and dendritic | chunky euhydral & v. 4 wedge and dendritic chunky, clear,
fine ded., v. ord. crystals ordere<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>