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Abstract
A detailed. study has been conducted on the crystallisation kinetics and growth of
some inorganic sulphates and carbonates, in view of their growing importance as en-
viromentally friendly high surface area powders in detergent applications. Predictions
of the crystal morphology based on lattice geometry laws have been obtained and
compared to the growth morphology. A mechanism for habit modification has been
postulated and compared to experimental studies of the effects of impurities on the
crystallisation of sodium carbonate monohydrate and sodium carbonate decahydrate.

Intermolecular force potentials have been empirically derived for ,3 potassium
sulphate which accurately predict its solid state properties. The intermolecular force
potentials are successfully transferred and applied to a simulation of the low temper-
ature phase of sodium sulphate.

The phase diagram of the Na 2CO3-Na 2 SO4-H 20 system has been redetermined
using powder diffraction, chemical analysis and Scanning Electron Microscopy as anal-
ysis tools. Evidence for burkeite supercell formation has been noted at a variety of
solution compositions and crystallisation temperatures. The degree of agglomeration
present in the system has been determined to be a function of the carbonate content
of the crystallising solution. Burkeite is noted to act as an agglomeration nucleator,
extensively binding to the other phases present. A reduction in precipitation temper-
ature leads to a corresponding increase in the particle size distribution.

The application of nucleation theory to inorganic systems is examined through
the use of an automated crystallisation cell employing solution turbidometry, con-
ductivity and temperature, to probe nuclei formation in the cases of potash alum
(AIK(SO4 ) 2 .12H 2 0), ammonium dihydrogen orthophosphate (NH 4 H 2 PO4 ), sodium
carbonate decahydrate (Na 2 CO3 .10H 2 0) and sodium sulphate decahydrate
(Na 2 SO4 .10H 2 0). Turbidometry is determined to be the most reliable means of de-
tecting the onset of nucleation. Reasonable correlation is noted for the systems
studied, between measured saturation curves as determined by this instrument and
previous observations. Interfacial energies based on induction time measurements are
determined to be significantly smaller than those determined in previous kinetic and
dissolution enthalpy studies.

The preparation of highly porous, high surface area powders for carrying liquids in
detergent powders has been examined. It was determined that a significant proportion
of the desirable powder porosity for a burkeite powder occurred during the initial batch
crystallisation stage. No evidence for a burkeite powder to tend towards a monosize
particle distribution was noted. Milling and spray drying of slurry lead to a significant
increase in powder porosity. Increasing the drying time during spray drying led to a
corresponding increase in the powder porosity. It was observed that further studies
of the spray drying conditions employed for burkeite production are required, for
optimisation of the liquid uptake of the resultant powder.
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Chapter 1

Introduction

During the last thirty years the vast increase in importance of industrial crystallisation

has coincided with a greater fundamental understanding of the processes occuring at

the molecular level; and has now become the predominantly preferred technique in

the preparation of many diverse materials ranging from high value added products,

to products encountered in everyday life. Examples range from superconductors,

pharmaceutics, dyes and speciality chemicals to sugar, salt, detergent powders etc.

Each stage in the crystallisation process must be carefully considered and un-

derstood in order to obtain the desired effects. A certain level of supersaturation

may be required in order to obtain a product of a particular habit, however the level

of supersaturation generated must not be too large, leading to massive nucleation

upon agitation. There may exist the possibility of polymorphs, or different hydrated

products at different crystallising temperatures, thus knowledge of the phase diagram

of a system is necessary. The crystal morphology has to be considered in relation to

the processing conditions and the consumer needs, e.g. higher surface area materials

can be achieved if a system is crystallised in a dendritic form, but if the crystals are

fragile or brittle, then excessive disintegration leading to dust problems during subse-

quent processing may be encountered. Thus modification of the crystal morphology

may be required for optimum processing. In order to achieve this, an understanding

of the crystal structure and crystal chemistry of the particular material is necessary.

Knowledge of the crystal structure may also allow prediction of the equilibrium crystal

morphology and crystal chemistry and allow postulation of possible habit modification
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mecha nisms.

It is against this industrial perspective that the research described in this thesis

came about. Its purposes were to examine various aspects of each of the processes

in crystallisation that have been detailed. More specifically, studies have been carried

out on the nucleation, crystal growth and habit modification of various inorganic salts

with comparison of the observed growth morphologies to predicted morphologies.

A possible habit modification mechanism is compared and contrasted to observed

findings.

The materials examined in the course of this study were taken from inorganic

carbonates, sulphates and phosphates. These material groups are applied in many

diverse areas, ranging from the glass industry [1], the pulp industry [2] and specifically

the detergent industry [3-5], to use as bath salts [6].

When prepared as high surface area, highly porous powders, phosphates, car-

bonates and sulphates play a major role in the detergent industry and can have many

functions: they may act as carrier materials for the incorporation of various compo-

nents necessary for detergent operation and in the case of carbonate based materials,

may have the secondary function of acting as water softeners. In previous years

phosphates have been the preferred carrier in the detergent industry, due to mor-

phological and solubility considerations however enviromental implications have lead

to carbonate and sulphate based materials to be employed as alternatives to phos-

phates as detergent carriers. A particular carrier material, the double salt burkeite

Na 2 CO3 (Na 2 SO4) 2 , and its role as a detergent carrier is studied.

The body of this thesis comprises eight chapters. Chapter two presents an

overview of crystallography and the various aspects of crystallisation; the relationship

between structure and morphology is reviewed and the current theories describing crys-

tal growth are briefly summarised. Chapter three deals with the prediction of crystal

morphology based on the geometric laws of Donnay-Harker-Bravais-Friedel [7,8]. The

systems studied are sodium tripolyphosphate hexahydrate (Na 5 P 3 0 10 6.H 2 0), and

the components of the Na 2 CO 3-Na 2SO4-H 2 0. The resultant predicted morphologies

are compared and contrasted to observed growth morphologies. Using a combina-

tion of crystal structure and crystal habit, the crystal chemical factors important
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in habit modification are presented and discussed in terms of a possible mechanism

for habit modifying polyacrylates on sodium carbonate monohydrate (Na2CO3.H20).

This model is compared and contrasted to experimental studies of the influences of

various additives on its growth morphology.

In order to satisfactorily predict morphologies based on lattice energy and in-

termolecular force calculations for inorganic materials, intermolecular force potentials

have to be derived that model all interatomic interactions accurately. Chapter four

deals with the empirical derivation of intermolecular force potentials and prediction

of solid state properties for beta potassium sulphate (0 K2SO4). Attempts to obtain

attachment energies for morphological prediction from lattice energy calculations are

outlined. The determined potential paramaters describing the sulphate grouping are

transferred to a simulation of sodium sulphate and the resultant structure and solid

state properties predicted.

The redetermination of the phase diagram of the Na 2 CO3-Na 2SO4-H 2 0 system

is examined in chapter five. Powder diffraction, chemical analysis, Scanning Elec-

tron Microscopy and Energy Dispersive X-Ray microanalysis are employed as analysis

tools. The influences of solution composition and precipitation temperature on the

agglomeration and particle size of the crystallising phases are examined in detail.

Chapter six describes the application of an automated crystallisation rig to in-

organic salts and its application to determine various crystallisation kinetic parame-

ters employing conductivity, turbidometry and temperature as methods of detecting

crystallisation. The chapter concludes with a discussion of the crystallisation param-

eters of potash alum (AIK(SO 4 )2 .12H 2 0), ammonium dihydrogen orthophosphate

(NH 4 H 2 PO4), sodium carbonate decahydrate (Na 2 CO 3 .10H 2 0) and sodium sulphate

decahydrate (Na 2SO4 .10H 20), as determined by this instrument.

A particular industrial aspect of carbonates and sulphates, i.e. the preparation

of high surface area, highly porous powders for carrying liquids in detergent powders

is examined in chapter seven. The production of such a powder by spray drying is

discussed, using burkeite (Na 2 CO3 (Na 2SO4)2 ), as an example. Agglomeration and

porosity are of critical importance in the production of a powder of desired character-

istics and the effects of variations in the mixing/crystallisation and the spray drying
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conditions on particle properties are examined, using Scanning Electron Microscopy

and mercury intrusion porosimetry.

The conclusions drawn from the preceding chapters are summarised in chapter

eight, together with suggestions for further work.
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Crystals, Crystallography And

Crystallisation.
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2.1	 Introduction

This chapter presents a summary of the theories describing the nature of the crystalli-

sation process. The relationship between crystal structure and morphology is high-

lighted and the available theories describing the processes that occur during crystalli-

sation, crystal growth and habit modification are reviewed. An overview is presented

of how the relationship between crystal structure and morphology may be employed

for predictions of crystal morphology. Some techniques employed for the growth of

crystals at laboratory and industrial scales are highlighted and a crystallisation rig

designed for solution crystal growth used in this study is detailed.

2.2 Crystals And Crystallography

2.2.1 The Seven Crystal Systems

A crystal may be defined as a regular periodic array (lattice) of points with each

point having the same local environment by definition. At each of these lattice

points is situated a chemical entity, the entity dependent on the material in question.

Depending on the material a crystal may be defined as being ionic (e.g. NaCI),

metallic (e.g. silicon) or covalent (e.g. anthracene).

The crystal lattice may be regarded as being infinite in extent, with three dimen-

sional order. A single crystal may be defined as a crystalline solid where the 3-D order

extends from microscopic (e.g. a structure comprising of a few unit cells) through to

macroscopic proportions (ie cm3 ). The primary unit of any crystal lattice is known as

the unit cell and this primary cell in conjunction with translation operations in three

dimensions defines the crystal structure. The crystal lattice can be represented by

three principle lattice vectors "a", "b" and "c" and three angles "a", "/3" and "-y"

(figure 2.1), where "a" is the angle between "b" and "c", "3" is the angle between

"a"and "c" and "-y" is the angle between "a" and "b".

Variations in the relationships between these six lattice parameters gives rise to

the seven basic crystal systems (table 2.1). The hexagonal system is slightly different,

with the inclusion of an extra axis "a 3" perpendicular to "c", forming 600 angles with
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Figure 2.1: Representation of axial system employed in crystal lattices

the a l and a 2 axis.
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System Unit cell dimensions

triclinic a0b0c

(10007090°

monoclinic a0b0c

a = -y = 900 , 3 0 900

orthorhombic a0b0c

a = /3= 7 = 900

tetragonal a = b 0 c

a = 0 = 7 = 900

trigonal a = b = c

a = 8 0 -y = 900

hexagonal al = a 2 = a 3 0 c

a = 13 = 900 , 7 = 1200

cubic a = b = c

a = 13 = -y = 90°

Table 2.1: The seven crystal systems.

2.2.2 Crystal Chemistry

The crystal structure of a material and the crystal system it will belong to depend on

various factors, namely the size and shape of the entity and the nature of the bonding

between the entities. In the case of molecular crystals, the bonding between the

crystallising entities are relatively weak, isotropic (Van der WaaIs) interactions, leading

to soft, low melting point materials and the (normally) nonspherical crystallising

entities decrease the resultant symmetry of the close packed crystal structure (figure

2.2). Approximately 90% of organic materials crystallise in monoclinic, orthorhombic

and triclinic structures.

This may be contrasted to ionic crystals, where the strong bonding leads to hard,

high melting point crystals. The normally spherical entities lead to a high degree of

symmetry in the crystal structure (usually cubic or tetragonal), although the ionic radii
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Figure 2.2: Typical low symmetry crystal structure (monoclinic) of a molecular crys-

tal.

of the entities involved determine the crystal packing. The group one chlorides NaCI

and CsCI highlight the differences in packing due to ionic radii (figure 2.3 (a&b)).

2.2.3 Crystal Morphology

The overall description of the shape of a crystal is its habit or morphology. There

are some simple descriptions of habit that may be employed, e.g. cube, needle, plate,

octahedrea etc (figure 2.4). The form of a crystal defines what crystallographic

faces are present, e.g. {111}, {001} etc. A crystal may have the same habit, but

different forms present(figure 2.15 (a)), or the same forms present but a different habit

(figure 2.15 (b)). However it is obvious that this method of describing the crystal

morphology is clearly limited in its use. For a more detailed description of crystal

morphologies/crystal chemistries, then a systematic description of the crystallographic

forms in a system are required. The nomenclature (hkl) devised by Miller is used as the

standard identifying tool for crystallographic forms. Consider the axial system a,b,c

as shown in figure 2.6. The repeat dimension along each axis is a,b,c respectively.

The intercepts of the plane ABC are OA, OB and OC respectively, which is equivalent

10



(a)

(a) Plane cut through a NaCI crystal structure (b) Plane cut through a CsCI crystal

structure

Figure 2.3: Schematic of the crystal structures of NaCI and CsCI, illustrating the

influence of ionic radii on crystal packing.
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Cube

Needle
	 Plate

Octahedron

(a) (b)

Figure 2.4: Some simple habits of crystals.

Figure 2.5: Crystal habit/form relationship [11
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4-C

—c

Figure 2.6: Representation of a (111) crystallographic form.

to a,b and c. Thus h,k and I may be defined as:

h = al0A, k = blOB, 1= clOC	 (2.1)

Thus for the above case

h = ala, k = blb, 1= cic	 (2.2)

which is equivalent to a (111) crystallographic form. A specific notation also governs

whether (111) or {111} is employed. In general (111) refers to a specific crystal-

lographic form whereas {111} refers to all possible (hkl) combinations that can be

derived from symmetry operations related to the crystal system in question, e.g. (1171)

is a member of the {111} group.

2.2.4 Defects In Crystals

Crystals are rarely completely free of defects. There are a variety of defects that can

exist in crystals, which can be classified by the dimensional extent of propagation into

the lattice structure. These range from zero dimensional atomic defects to

13



three dimensional gross defects. A zero dimensional defect is termed a point

defect and can consist of missing crystallising entities (vacancy), entities occupying

sites not normally occupied in the lattice (interstitial) and foreign atoms occupying

lattice sites (impurities). Essentially this defect exists on the atomic scale. A one

dimensional defect is known as a line defect or dislocation. Two basic types exist

known as the edge and screw dislocation which can be characterised depending on

the relationship between the strain direction "b", known as the Burger's vector and

the line direction "I". The edge dislocation comprises an extra half plane of atoms

that have been inserted into the crystal (figure 2.7), the Burger's vector "k" being

perpendicular to the line of disturbance "r . This results in strain and energetic factors

being introduced into the system, due to compressed interatomic distances. The screw

dislocation is a crystal distortion noted in the form of a "step" on the crystal surface,

formed by the Burgers Vector "b", being parallel to " I" (figure 2.8). This step forms

ideal conditions for crystallising entities to be incorporated into the crystal, leading to

the formation of a distinctive spiral on the crystal surface. Screw dislocations play an

important role in crystal growth mechanisms, and will be discussed further in section

2.3.3. Two dimensional defects (known as planar defects) propagate much further

Figure 2.7: Representation of an edge dislocation.

14



Figure 2.8: Representation of a screw dislocation.

into the lattice than point defects (normally a few microns) and can be formed from

growth sector boundaries, twinning and stacking faults. Three dimensional defects or

volume defects are gross distortions to the lattice and can result from the inclusion

of a material of a different composition or crystal structure into the main lattice, e.g.

a solvent inclusion.

2.3 Crystallisation And Growth Kinetics

Crystallisation essentially may be defined as the formation of a crystal from a parent

phase e.g. solution etc, where the diordered entities in solution are transformed to

highly ordered species within a crystalline structure. There are a several important

aspects to be considered in crystallisation.

a) supersatu ration ,

b) nucleation,

c) crystal growth,

d) morphology,

d) growth techniques.
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2.3.1 S up ersat urat ion

If a solid phase is in equilibrium with a solution, then the solution may be said to

be saturated with respect to the solid. However, when a solution contains more

than the equilibrium concentration of dissolved solid, then the solution is said to

be supersaturated with respect to the solid. Supersaturation is often known as the

basic "driving force" in crystallisation and may be defined in different ways, e.g.

as the concentration driving force "Ac", the re l ative supersaturation "a", and the

supersaturation ratio "S", where:

Lc= c— c* (2.3)

a = Ac/c* (2.4)

S = c/c* (2.5)

where "c*" is the saturation solution concentration at a given temperature and "c"

is the actual solution concentration.

Supersaturation may be induced in a system in a variety of different ways. Figure

2.9 illustrates a typical solubility curve as a function of temperature. The upper dotted

line refers to the temperatures and concentrations where spontaneous crystallisation

will occur and is known as the supersolubility curve. Three different regions may be

defined in this plot, the stable, metastable and labile regions, the latter two terms

being coined by Miers [2]. The stable region is where the solution is undersaturated

with respect to the dissolved solid phase, the labile and metastable regions refer to

regions where supersaturation is present which spontaneous deposition (nucleation)

of the solid phase is likely and not likely to occur, respectively. The width of the

metastable region is not absolute for any system and can be varied by, e.g. the degree

of agitation present. Supersaturation may be induced in a variety of ways. Referring

to figure 2.9, an undersaturated solution (A) may be cooled until supersaturation is

achieved (region BC) until spontaneous nucleation is likely to occur (C), although

further cooling may be necessary for this to occur. Another method would be solvent
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Temperature

Figure 2.9: Representation of typical solubility/supersolubility curves as a function

of time [3].

evaporation at constant temperature (AB'C') until supersaturation and spontaneous

nucleation occurs. A combination of these methods (AB"C") may also be employed.

2.3.2 Nucleation

Once a degree of supersaturation has been achieved in a system, then nucleation

may occur. There are two possible mechanisms for nucleation, one a progressive

build-up of a number of particles forming a nucleus or less likely, the simultaneous

collision of a number of particles to form a nucleus. Nucleation can be divided in two

separate categories; primary and secondary nucleation, with primary nucleation further

subdivided into primary homogeneous and heterogeneous nucleation (figure 2.10).

The basic principals of classic nucleation theory have been derived from the nucleation

of water droplets from vapour [4,5] and there are now available many comprehensive

reviews on nucleation [6,7]. In order for the classic theories of nucleation to apply to

solution systems, liquids are considered to be examples of very compressed vapours.

As this study was concerned with primary nucleation, this aspect will now be examined

in further detail.

17



Nucleation

Primary Secondary
(Induced by the presence

of crystals; i.e. seeded
nucleation)

1	 i
Homogeneous	 Heterogeneous
(Spontaneous)	 (Induced by the presence

of foreign particles)

Figure 2.10: Primary and secondary nucleation [3].

2.3.2.1 Homogeneous Nucleation

The theories of Gibbs [8], Volmer and Weber [9], Becker and Doring [10] consider

the growth of clusters initiated by saturation fluctuations within the system. The

resultant free energy of these nuclei clusters is a combination of the bulk volume

"AG," and surface free energies "AGs" respectively:

AG = AGv + AGs
	 (2.6)

and may be described in more detail by:

AG = —4/3r3 AGv + 471-r27
	

(2.7)

where "7" is the interfacial surface free energy between the nucleus and the solution

(also known as the surface tension), "r" is the radius of the nucleus and "AG" is

the bulk free energy difference per unit volume between the solid and liquid phases.

The surface free energy term is positive and the bulk free energy term is negative.

The combination of these energy factors is shown in figure 2.11. It can be seen that

there is a stationary point where the Gibbs free energy reaches a maximum; at this

18
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o	
Size of nucleus, r

Figure 2.11: Interaction of surface free energy and bulk volume energy terms within

nucleation [3].

point the cluster forms a "critical nucleus"; i.e. a point where the nucleus has an

equal chance of disintegration or continued growth. The maximum value of "AG",

i.e. " AGcrit" occurs at this point and can be obtained by differentiation of the free

energy with respect to "r", the nucleus radius. Differentiation of equation 2.7 leads

to:

dG 1 dr = —47rdAGy + 87rrc-y = 0	 (2.8)

Thus:

47-rc2 AGy = firrey

and hence "rc", the critical radius may be expressed as:

7-, = 2-y/Aa,

Further substitution into equation 2.7 leads to:

AG = 4rr?-y/3

(2.9)

(2.10)

(2.11)

The Gibbs-Thomson equation [8] may be used as an expression for supersaturation:

in(S) = 2-yv I kTr	 (2.12)

19



where "v" is the molecular volume and "k" is Boltzmans constant (1.38 x 10-23

J K-1 ). Thus equation 2.10 may be reexpressed as:

(2.13)AG,/ = kTln(S)Iv

and equation 2.11 can be written as:

AGcrit = 167r-y3 v2 13(kTln(S))2

In classic terms, the nucleation rate may be expressed as follows:

J = A*en;

(2.14)

(2.15)

where "J" is the nucleation rate, "A*" is the critical nucleus surface area, "w' is

the molecular attachment rate and "nr the concentration of critical nuclei. The

concentration of critical nuclei may also be expressed as:

AG* I kTnr = ni e-

Thus:

j = A* te Tile- AG* I kT

which is equivalent to an Arrhenius type rate equation:

J = Ce—AGe I kT

and further substitution into equation 2.17 leads to:

J = A*w*nie(-16/r^y3v2/3k3T3/n(s)2)

which may be simplified to:

J = ce(-167r-y3v213k3T3/7(9)2)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

where "C" is a constant. Various assumptions have been made in the derivation of

this equation. The most important are

• that the nuclei are spherical and the interfacial energy is isotropic,
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4

• that bulk properties of the solution can be extrapolated to predict occurrences

on the molecular scale

It can be seen that the nucleation rate is critically dependent on the interfacial energy

" -y" , the temperature "T" and especially the supersaturation "S". The huge variation

of nucleation rate that can be achieved by supersaturation can be illustrated by the

example of potassium sulphate K2SO4 [1] (figure 2.12). These huge variations have

prompted the term "critical supersaturation", i.e. the supersaturation at which the

nucleation rate becomes appreciable.
50

—1 40

7

-

•n•••
.72

•

0.5

0.04

01
005	 04	 05

5eee4soluration a . -.-

Figure 2.12: Variation of nucleation rate with supersaturation for K 2SO4 [1].

Although classic theory predicts an exponential curve for the

nucleation rate/supersaturation relationship, deviations have been noted from this

curve. Tammann [11] highlighted (figure 2.13) the variations in nucleation rate with

supersaturation, showing a maximum in nucleation rate, the rate decreasing rapidly

after this maximum. An increase in viscosity, inhibiting the formation of ordered

crystal structures was suggested as a reason for this deviation, which prompted Turn-

bull and Fisher [12] to suggest that the inclusion of a further term (AG'/kT), was
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necessary to account for viscosity effects, i.e.

J = Keni e ( AG* + AG')I kT	 (2.21)

where "AG" is the activation energy for molecular motion across the nuclei-matrix

interface. This deviation from classic theory has been predominantly noted in studies

of nucleation from melts.

Supersaturation, $

Figure 2.13: Variation of nucleation rate with supersaturation noted by Tammnan

[11].

An appreciable time may elapse between the achievement of supersaturation and

the onset of nucleation. This time period is known as the "induction time", " T" . If

the assumption is made that the induction time is primarily due to the formation of

the nucleus, then this period of time is considered (although dimensionally incorrect)

inversely proportional to the nucleation rate "J" [13], i.e.

T a (1/J) a 731713 1n(S) 2	 (2.22)

Reservations have been expressed over certain aspects of the derivation of the

classic theories for nucleation. It has been felt by certain authors [14,15] that var-

ious correction terms should be included in equation 2.18. Lothe and Pound [15]

considered that the greatest alteration to nucleation theory should be the inclusion
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of factors accounting for the rotational and translational degrees of freedom of the

molecular clusters. However it has been shown in many experiments of nucleation

from the vapour that predicted critical supersaturations and nucleation rates based

upon the inclusion of these correction terms differs significantly from data obtained

by cloud chamber experiments, e.g., deviations of up to 10 17 between prediction and

experiment for nucleation rates have been observed. Clearly, equation 2.20 can only

be used to obtain semi-quantitative data and not absolute values for e.g. nucleation

rates, induction times etc.

The theory of homogeneous nucleation is based on the assumption that the

surface tension "7" is not dependent on nucleus size. However it has been shown

[16] that the surface tension is a function of the curvature of a surface. If this is

taken into account in classic homogeneous nucleation theory, then it can be shown

that under certain conditions, the spontaneous formation of clusters can lead to a

decrease in the free energy "AG" (figure 2.14).

-50

Figure 2.14: Free energy change for nucleation, incorporating a size dependent sur-

face tension [161.

The existence of these clusters may account for certain nucleation phenomena,

e.g. the occurrence of massive nucleation with the onset of agitation and these clusters
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may possibly play a significant role in crystal growth, possibly acting as crystallising

entities that are adsorbed onto kink sites on a crystal surface.

2.3.2.2 Heterogeneous Nucleation

Homogeneous nucleation is assumed to occur in a solution that is completely free

of impurities. In practice this is literally impossible to achieve and almost certainly

impurities will be present in solution, usually in the form of dust particles. These

particles already provide nuclei in the solution, hence nucleation of the solution will

occur on these centres. Thus, heterogeneous nucleation occurs and the free energy

of the system will be modified correspondingly, to account for the presence of the

impurities, e.g.

AG = 474(7p5 — 7p1) - 4/34AGv
	 (2.23)

where "7ps" is the surface free energy of the particle/solid interface, "-y pi " is the

surface free energy of the particle/liquid interface and "rp" is the radius of the foreign

particle. The presence of the impurities tends to reduce the width of the metastable

zone compared to that of a pure solution, i.e. the crystallising temperature increases

and the supersaturation decreases, implying that "-yps" < "-y pi ". In this case "AG"

is negative at all times; thus these particles act as spontaneous nucleation centres for

the solution. There can be other sites within a system for heterogeneous nucleation,

e.g. on a microscopic level, cracks on the surface of the vessel wall may provide

centres of nucleation for a system.

The presence of heteronuclei in a system influence the free energy "AG" (equa-

tion 2.18), and thus an expression for heterogeneous nucleation rate [6] can be derived

from that based on homogeneous nucleation:

ce(-46,y3v21()/31c3T31.(5)2)
	

(2.24)

where "J", "-y", "v", "k" and "S" are as defined for equation 2.20 and "f(co)"

is a correction factor for the influence of heteronuclei on "ry" the interfacial tension

and lies in the range 0 < f(p) 5_ 1.

In practice heterogeneous nucleation is the predominant mode of nucleation ob-

tained, extreme difficulties being encountered in the preparation of a solution sample
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completely free of foreign bodies. It has been estimated that a carefully filtered

solution will still contain up to 103 particles per cm 3 of solution [3].

2.3.2.3 Empirical Relationships for Nucleation

Various empirical relationships have been devised to simulate nucleation, and are

especially applicable in larger scale crystallisation systems. Various relationships have

been proposed for the relationship between supersaturation and induction time or

nucleation rate. An example of such a relationship is that derived by Christiansen and

Nielsen [17]

r = kcl—P	 (2.25)

where "k" is a constant, "c" the concentration of the supersaturated solution and "p"

the number of molecules in the critical nucleus. Another model has been forwarded

by Nyvlt [18]

J = knASr4;ax
	 (2.26)

where "J" is the nucleation rate, "kn" is a rate constant "ASmmax" is the maximum

supersaturation in the system and "m" the order of reaction. This equation may be

further expanded so that an expression for the dependence of the maximum under-

cooling "AT" may be obtained with respect to a cooling rate "b":

logb = (m —1)logcicIdt — loge+ logkn + mlogATmax	 (2.27)

where "b" is the solution cooling rate, "dc/dt" the rate of equilibrium concentration

change with respect to temperature, " f" the ratio of hydrated salt to anhydrous salt

and "kn" the rate constant. It should be noted that "m" the order of reaction has

no fundamental significance and cannot imply any information as to the number of

reacting species, unlike classic rate equations. A plot of log (ATmax) versus log(b)

should yield a straight line of slope "m". A drawback has been noted from such an

assessment [19] in that the undercooling and growth rate of the resultant crystals are

dependent on the cooling rate. Thus the slope of the plot should always be steeper

than that expected for nucleation alone, by a factor dependent on the sensitivity of

the detection method used to detect the onset of nucleation.
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2.3.3 Crystal Growth

As soon as nucleation has occured, then crystal growth will be initiated. The following

steps are generally thought to summarise the events occuring during crystal growth

(shown schematically in figure 2.15)

i) Bulk transport of crystallising entities to the edge of the boundary layer.

ii) Diffusion though the boundary layer to the surface of the growing crystal.

iii) Adsorption onto the crystal surface.

iv) Diffusion along the crystal surface and

v) Attachment to the surface step.

vi) Diffusion along step and

vii) Integration into crystal at a kink.

Figure 2.15: Representation of crystal growth events.

If the crystallising entities are solvated, then during the above processes solvent

molecules will be removed from the crystallising entities, e.g. a cation species M x+ in

aqueous solution will exist in the form M(H 2 0))64 and these solvent molecules have

to be removed before final integration into the crystal structure can occur.

Diffusion of the crystallising entities through the boundary layer will follows Ficks
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laws of diffusion, e.g.

F = Dv(dn I dz)	 (2.28)

Where "F" is the rate of supply of solute by diffusion, "Dv" is the solute volume

diffusion coefficient and "dn/dz" is the concentration gradient perpendicular to the

crystal surface. The thickness of the boundary layer " 5" , may be defined as

Dv(nb — n 1 )1 F	 (2.29)

where "n b " and "n i " are the bulk and interface concentrations respectively.

The adsorption of the crystallising entities onto the crystal surface will occur

at the energetically most favourable sites, which have been determined as being kink

sites [20]. This will continue until the layer is complete. New sites for growth must

then be created, and this occurs by two dimensional growth as illustrated in figure

2.16.

This nucleus will form and then spread out, known as two dimensional nucle-

ation or the "birth and spread" model [21], with resultant growth normal to the

crystal face. The rate determining step in this model is the formation of the two

dimensional nucleus. The Kossel variation in this model 120] is somewhat more com-

plex, showing incomplete steps, kinks and vacancies, all of which provide sites for

incorporation for the crystallising entities. There is a possibility of growth occuring at

all these sites simultaneously. Since nucleation rate (hence growth rate) is dependent

on supersaturation, at low supersaturations the predicted growth rates from theory

are very low. However, major discrepancies are noted in many cases between predicted

and observed growth rates at low supersaturations. These discrepancies lead Burton,

Cabrerra and Frank to develop a theory [22] based on a continuous source of steps

being available for the incorporation of crystallising entities onto a crystal surface,

to account for the much higher growth rates observed at low supersaturations than

those predicted, based on the "birth and spread model". This theory postulated that

the presence of a screw dislocation on a crystal surface would remove the necessity of

two dimensional surface nucleation and would provide a continuous source of steps for

crystallisation, leading to the formation of the classic screw dislocation growth spiral

figure 2.17, which has been observed in the growth of many systems. The Burton,
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Figure 2.16: Representation of two dimensional nucleation and growth.

Figure 2.17: Representation of spiral growth as initiated by a screw dislocation [1].
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Cabrerra and Frank theory, or BCF theory has assumed great importance in crystal

growth, as the predicted growth rates at low supersaturations from this theory do

show good correlation to observed growth rates, which the predicted growth rates

based on the two dimensional "birth and spread" model could not reproduce. The

general BCF relationship may be written as

R = Aa2tanh(B I a)	 (2.30)

where "R" is the crystal growth rate, "A" and "B" are complex temperature depen-

dent constants and "o" the relative supersaturation. Depending on the degree of

supersaturation, different relationships between growth rate and supersaturation can

be noted (figure 2.18). At low supersaturations, the relationship may be approximated

by

Rcxo 2	 (2.31)

crystal growth being dominated by the screw dislocation mechanism. At higher

Supersaturation	 CT

Figure 2.18: Relationship between growth rate and supersaturation in the BCF theory.

supersaturations, the growth rate approximates to an exponential relationship with

the supersaturation:

R a cr5I6 exp(a)	 (2.32)
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in this region two dimensional nucleation predominate. At high supersaturations the

relationship becomes linear, e.g.

Racr	 (2.33)

this region signifying the predominance of rough growth.

2.3.4 Habit Modification

Habit modification for a system is obtained when some factor is introduced to the

system that alters the crystal growth rates and hence morphology. There are many

variables that may be altered within a crystallising system that may effect the re-

sultant habit, e.g. choice of solvent, levels of supersaturation and the presence of

impurities. The use of impurities to alter crystal habit is a major field both in labora-

tory and industrial crystallisation. Many theories have abounded over the years as to

the possible mechanisms explaining the effects that impurities have on crystallisation.

Early theories includes that of Bunn [23], who studied the adsorption/inclusion of

impurities in various systems, concluding that the only difference between crystals

containing adsorbed impurity and mixed crystals is the amount of impurity present.

Crystals containing adsorbed impurity could be regarded as unstable mixed crystals.

The faces containing the impurity are composed of this unstable mixed crystal, hence

will redissolve with a corresponding reduction in the growth rate. The factor that de-

termined what faces were the habit modifying faces was the degree of lattice matching

between the impurity/modifer and the host crystal for the particular faces. Theories

based on impurity adsorption altering crystal surface kinetics (especially since the

advent of the BCF theory) and impurities altering the degree of solvation of crystal

surfaces have since surfaced on a number of occasions. It is now generally accepted

that impurities present in a crystallising system are adsorbed onto the crystal surface,

altering growth rates. The modifier may physically hinder incoming crystallising en-

tities by blocking adsorption sites (figure 2.19) or adsorption onto the surface alters

the energy characteristics of the surface, thus altering growth rates. Factors such as

the size and mobility of the impurity may determine what mode of habit modification

occurs [24]. Models have been put forward on the modification of surface energy
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Positions 1,2 and 3 refer to ledge, step
and kink sites respectively.

Figure 2.19: Representation of possible site blockage by impurities [26].

charcteristics based on a Kossel crystal model [25] or adsorption mechanisms onto

ledge, step and edge sites based on the BCF theory [26]. The latter review high-

lighted predictions of step velocities and thus growth rates and correlated these with

experimental observations of various systems. A modification of Bliznakov's equation

[27] may be used to relate the degree of coverage of an impurity on a surface to step

velocity and leads to:

(V0 — Voc.)1( 170 — V) = 1 +11KX	 (2.34)

where, K = e—AG/RT, ,, AG" the free energy of adsorption of the impurity, "V0",

"V" and "Voc,", the step velocities and "X" the mole fraction.

In contrast to absorption of cations onto steps, Mullin [28] postulated that for

the case of Cr3+ , Fe3+ and Al3+ impurites in the presence of ammonium dihydrogen

orthophosphate (ADP) and Potassium dihydrogen orthophosphate (KDP) that the

hydrated cations, e.g. M(H 2 0))64 impose steric and dissolution effects near the

crystal surface and thus alter growth rates. If the cation is adsorbed into the crystal

structure, the resultant counter flow of water away from the crystal surface imposes

a further dissolution effect, thus reducing the growth rate further. An advantage of

this theory is that it could explain why variation of pH (which has the same effects
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as M(H 2 0) )61 has a modifying effect on the habit of both ADP and KDP.

Thus observations of the effects of impurities on crystal growth and habit have

given rise to a number of theories to account for these effects. The possibility does

exist however, that the actual crystal growth processes and their interaction with

impurities is a combination of all the theoretical mechanisms mentioned. Obviously

such complex interactions necessitate the need for more experiments to probe the

crystal-solution interface.

2.4 Crystallography and Crystal Morphology

2.4.1 Equilibrium Morphology Simulation Using Lattice

Geometry Models

Hauy's classic illustration [29] showed that by stacking/ordering cubes, various basic

crystal morphologies could be obtained. The advent of X-ray crystallography allowed

the internal structure of a crystal to be probed and determined these basic building

blocks to be the unit cells of a crystal. Gibbs [30] related the crystal morphology

to energetic considerations stating that the equilibrium crystal morphology was one

in which the total free energy was minimised. Wulff [31] defined the relationship

between surface energy and equilibrium morphology. A Wulff plot is a 3-D polar rep-

resentation of the surface energy, which reveals (see figure 2.20) several well-defined

minima which correspond to the expected low surface energy directions for crystal

growth. Constructing planes tangent to the cusp minimum for each growth vector,

a regular polyhedron typical for a freely grown crystal, results. Such plots can be

prepared using the gnomonic projection [32] and several computer programs [eg 33]

are now available to draw these automatically.

The Bravais/Friedel/Donnay/Harker (BFDH) rules [34,35] enable a measure of the

relative growth along a specific crystal plane (hkl) to be related to the internal struc-

ture of a crystal using lattice geometry considerations. The BFDH laws may be

summarised as

The greater the interplanar spacing dhkl, the greater the importance of the corre-
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Figure 2.20: Representation of the classical wulff plot for the derivation of equilibrium

form [31].

sponding crystal form (hkl), after allowance has been made for translational crystal

symmetry elements such as Bravais lattice centring, glide planes and screw axes.

i.e. d1hki > d2hki	 M1-1hki > ALL2hki (M.I. = morphological importance).

This model is outlined in more detail in a recent review [36] and calculations us-

ing it can be made using the computer program MORANG [37]. Using the BFDH

law a morphological index can be defined as the reciprocal of the interplanar spacing

(1/d hki ) and employed as an alternative to surface energy in the Wulff plot. Predicted

morphologies obtained using this model have been derived for a variety of materials

and show good correlation to the observed morphologies [36,38,39]. However, this

method is purely geometric in nature and makes no considerations of atom charge

and type, which have consequences on crystal growth. If structural factors are taken

into account, e.g. crystal structure, inter- and intramolecular interactions then a

morphological prediction more analogous to the actual "as-grown" morphology may

be obtained.
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2.5 Crystal Growth Techniques

There are a variety of techniques that may be used to grow crystals, depending on

the physical properties of the material in question. Techniques such as growth from

the vapour phase have the advantage of removing any possibility of habit change due

to solvent interaction with the crystal however certain problems may arise, such as

the possibility of sample decomposition and the introduction of strain or defects into

the crystal during cooling of the samples to room temperature. These same problems

may be also be encountered with crystal growth from the melt. Crystal growth from

solution is an alternative that normally takes place close to equilibrium and thus can

be used to obtain strain free crystals of high quality. However a negative factor is the

possibility of solvent-crystal interactions, leading to modification of habit.

2.5.1 Laboratory Scale Crystallisation

Crystal growth from solution has been the sole technique for growth of all systems

during this study. Normal growth from solution occurs at low supersaturations, hence

this technique is ideal for crystal growth close to equilibrium conditions and thus

unstrained crystals of high quality may be prepared. However certain factors must

be taken into account. The solvent employed (in this case water) may exert habit

modifying properties on the material to be grown, as may impurities in the system.

If there is dust contamination of the system, massive nucleation may occur upon the

production of a supersaturation, rendering controlled crystal growth useless. Thus the

material to be grown should be recrystallised at least once to remove all impurities and

the resultant solution filtered to remove dust particles in the system. Supersaturation

may be obtained by controlled solvent evaporation or temperature lowering. A typical

crystal growth rig for solution crystal growth is shown in figure 2.21. Essentially the

material to be grown is present as a saturated solution within the growth flask. This

growth flask is surrounded by a large stirred water bath for controlled temperature

conditions. A seed crystal of the material in question is introduced to the saturated

solution, being suspended via a nylon thread on a stirrer. A small hole may be drilled

in the seed using a solvent drill, in order that the seed may be suspended. The
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A - Water Stirrer
B - Solution Stirrer
C - Temperature Lowering
D - Contact Thermometer
E - Water Bath
F - Infra-red Heater

Figure 2.21: Typical rig employed in solution crystal growth.

objective is to obtain supersaturation and focus the resultant nucleation on the seed.

Supersaturation may be obtained by controlled solvent evaporation or temperature

lowering. The objective is to maintain supersaturation within the metastable zone

region. If too great a supersaturation is obtained, e.g. entering the labile zone in .figure

2.9, then uncontrolled spontaneous nucleation will occur. This will lead to nucleation

and competing crystal growth in the solution surrounding the crystal. Agitation

levels must also be controlled. If the level of agitation is too high then the metastable

zone will be reduced, thus increasing the probability of uncontrolled spontaneous

nucleation. Either of these factors may lead to the growth of low quality crystals

with solvent inclusions etc. If the rate of agitation is too low, then a concentration

gradient will occur, which may lead to crystal growth in another area of the growth

flask, rather than on the seed.

2.5.2 Industrial Crystallisation

Crystallisation is a major industrial process in the production of pure materials, fre-

quently proving to be the most cost effective method of producing high purity mate-
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rials of an attractive appearance. There are many crystallisation techniques available;

however all have in common the aim to produce a desired controllable supersatura-

tion. The most common industrial crystallisation techniques are temperature lowering

and solvent evaporation; some other crystallisation techniques are spray crystallisa-

tion, "salting out" in a second solvent and reaction precipitation. The choice of

crystallisation technique is primarily dependent on the characteristics of a material,

e.g. the solution solubility of a material can play an important role in determining

what technique is employed. Slow cooling may be employed to achieve a desired

controlled supersaturation for a material with a reasonable positive solubility curve,

e.g. sodium sulphate decahyhdrate Na 2 SO4 .10H 2 0. If a material has a very high

positive solubility, e.g. potash alum AIK(SO 4 )2 .12H 2 0, then employing slow cooling

may not be sufficent to reduce the solubility of the solute in the solvent, hence a

second component may be added to reduce the solute solubility. This technique is

known as "salting out" and a particular example of salting out of AIK(SO4)2.12H20

from aqueous solution by acetone is highlighted. If a material has a negative solubility,

e.g. Na 2SO4 or Na2 CO3 .H 2 0 (see chapter 6), then slow heating has to be employed

to achieve supersaturation. However, if the solubility curve is only slightly negative,

then the levels of supersaturation obtained may not be sufficient for efficient crys-

tallisation. Hence solvent evaporation again must also be employed to obtain much

higher levels of supersaturation.

Chemical reaction as a crystallisation process is employed in many industries and

can be especially useful in the recycling of valuable waste materials such as powder

fines and exhaust gases. High supersaturation levels can be obtained, thus production

of fine particles is possible.

Particles of different size distribution may be produced by spray crystallisation.

This technique is similar to spray drying; solid deposited from solution by the rapid

evaporation of solvent. Particle size is determined by the droplet size, which is in

turn controlled by the atomisation of the solution into droplets. This technique

is particularly favoured when a materials crystallisation characteristics or the final

product form desired imply that conventional crystallisation techniques may not be

suitable, e.g., the crystallisation of heat sensitive materials, or where particle size is
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of fundamental consideration. Spray drying as a technique for producing burkeite

(Na 2 CO 3 (Na 2 SO4 ) 2 ) crystals of a particular size distribution is discussed in chapter

seven.

The presence of heteronuclei is literally unavoidable in crystallisation systems.

These reduce the width of the metastable zone shown in figure 2.6 by reduction of

the free energy of the system (section 2.3.2). Hence problems may be encountered

by the presence of these nuclei causing the solution to enter the labile region in figure

2.6, therefore crash nucleation occurs. The presence of these nuclei must be taken

into account in any industrial crystallisation system. However, nuclei may be intro-

duced into systems (known as "controlled seeding") of large metastable zonewidths

in order to induce crystallisation. The nuclei may or may not be the same material

as the desired crystallising material, depending on the purity levels required. This

technique has been employed in the crystallisation of sodium sulphate decahydrate,

which has a very large metastable zonewidth (see chapter six), hence problems may

be encountered during crystallisation due to the large undercoolings required. How-

ever, the introduction of small amounts of sodium tetraborate decahydrate reduces

the width of the metastable zone sufficiently to induce crystallisation at much smaller

undercoolings.

2.6 Conclusions

This chapter has briefly reviewed the theories underlying all the factors that must be

taken into account during crystallisation; namely supersaturation, nucleation, resul-

tant crystal growth and habit modification.

The relationship between structure and morphology has been emphasised and

the model forwarded by Bravias-Friedel-Donnay-Harker to correlate lattice geometry

and crystal morphology explained. This model forms the basis of the morphological

predictions obtained during this study.

Some of the various crystallisation techniques available at laboratory and indus-

trial levels and the conditions that determine what is the preferable crystallisation

technique for a system have been outlined.
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Chapter 3

Structure, Morphology And Habit

Modification Of Some Carbonates,

Sulphates And Phosphates.
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3.1.	 Introduction

Crystallisation and crystal morphology play a significant role in many industrial separa-

tion systems. Poorly defined crystal morphology can have serious detrimental effects

on an industrial process:

• crystal morphology can reduce the efficiency of the separation of solid from

mother liquor or washing processes, e.g. "platelike crystals" can block filtration

processes.

• whenever a product is part of a formulation the morphology is often crucial in

altering the Theology of the formulation.

In the case of post-production, the potential end-user of a product may experience

problems associated with crystal morphology:

• large crystals may adhere (caking) together, thus creating packing/storage prob-

lems,

• small crystals may disintegrate easily into dust particles which may present a

toxicity hazard.

This chapter will highlight some models used in the prediction of equilibrium

morphology and for assessing likely habit modification effects. Predicted morpholo-

gies based on lattice geometrical models are presented. These models will be applied

to various inorganic salts, in particular to some inorganic salts which are employed as

carrier powders in detergents. These high surface area materials boost detergency by

being able to hold the surfactants within a porous matrix structure. The salts inves-

tigated are sodium tripolyphosphate hexahydrate and various compounds from the

sodium carbonate/sulphate phase system. These predicted morphologies are com-

pared and contrasted to previous morphology observations and to growth morpholo-

gies obtained during this study. The surface chemistry of sodium tripolyphosphate

hexahydrate is examined, with a view to morphological modification. A theoretical

mechanism for habit modification on a general ionic crystal is presented, and applied

to sodium carbonate monohydrate. This mechanism is extended to sodium carbon-

ate decahydrate and verified by experimental observations on the effects of various
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additives on the crystal morphology of sodium carbonate monohydrate and sodium

carbonate decahydrate.

3.2 Modelling of Crystal Morphology of Some

Sodium Based Salts

3.2.1 Methodology

As explained in chapter 2, the laws of Bravais, Friedel, Donnay and Harker [1,2]

may be used to predict the crystal forms likely to predominate in a morphology of a

system. This model forms the basis of the computer program MORANG [3], which

may be used to calculate an index of morphologically important forms, based on

the reciprocal of the interplanar spacing d hki . Crystal properties such as interfacial

angles, may also be predicted using MORANG. The subsequent morphological index

may be graphically displayed using the crystal drawing program SHAPE [4]. For

the ionic salts examined during this study, MORANG was employed to predict the

morphologically important forms/interfacial angles and SHAPE employed to obtain

the predicted crystal morphology. The ionic salts studied are Na 5 P3010.6H 2 0 and

various salts present in the Na 2 CO3-Na 2SO4-H20 system.

All the crystals obtained during this study have been grown from the solution

phase. In all cases, the crystals have been grown in a growth flask as shown in

figure 2.21 (see chapter 2). Crystals of Na 2 SO4 .10H 2 0 were grown by the slow

cooling (0.1 0 C/day) a solution containing Na 2 SO4 from 300 C. Crystals of the other

phases studied were grown by the controlled solvent evaporation of solutions at

constant temperature. These are now detailed, with the respective growth tem-

perature: Na 2CO3 .H 2 0 - 450 C, Na 2 CO3 .7H 20 - 330 C, Na2 CO 3 .10H 2 0 - 300C,

Na 2 CO3 (Na2 SO4 )2 - 800 C, Na 2SO4 ) 2 - 450C.

In each case, the resultant crystals were washed in n-hexane and stored in paraffin

oil for isolation from atmospeheric conditions to prevent possible sample degradation.
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3.2.2 Sodium Tripolyphosphate Hexahydrate

Sodium Tripolyphosphate Hexahydrate (Na 5 P30106.H 2 0, hereinafter referred as STP)

crystallises in a triclinic crystal structure (spacegroup PT) with unit cell parameters:

a=10.371 6=9.2244 c=9.4551, a = 92.24°0 = 94.55°7 = 90.87°, Z=2 [5] . The

morphological importance based on the BFDH laws is summarised in table 3.1 and

resultant morphology simulated in figure 3.1.

Form 1/4/d

H K L (Angstroms)

1 00 0.09675

010 0.10164

001 0.13180

110 0.13903

110 0.14161

10 1 0.15717

0 11 0.16319

101 0.16966

011 0.16969

111 0.18523

Table 3.1: BFDH analysis of sodium tripolyphosphate hexahydrate.

It can be seen that the main face is 11001 type, which is of slightly more importance

than the {010} forms. The effect of these forms predominating in the morphology

causes the overall morphology to resemble a thick faceted plate, almost "blocklike" in

nature. The 11011, {1TO} and {01T} forms are of less importance in the morphology,

forming "edge" facets on the morphology. This is in reasonable agreement with the

observed morphology reported by Troost [61 (figure 3.2), although the predicted 101I1

and {10T} forms are not observed on the growth morphology.
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