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Abstract

ABSTRACT

Synthetic zeolite-4A, a crystalline, high-volume, speciality chemical product, 

is mainly used as a water softener in detergents. During its chemical 

synthesis an initial amorphous gel transforms into zeolite-4A crystals but as 

yet there is no agreement as to the mechanism. Both solution-mediated and 

solid-state transformation mechanisms have been postulated but conclusive 

evidence has proved elusive.

The objectives of this study were to design experiments elucidating the 

transformation mechanism, investigate nucléation phenomena and examine 

the possibility of crystallising zeolite-4A without gel formation.

Solubility measurements at synthesis pertinent conditions were undertaken 

using ICPAES, TVM, XRF and TGA. It was found that zeolite-4A solubility, 

which increases with temperature and [NaOH], is lower than the amorphous 

phase. Precursor solubility increases with caustic concentration but decreases 

with temperature.

A novel technique is conceived combining an original precipitation cell, 

capable of withstanding hydrothermal zeolite-synthesis conditions, and 

digital image processing. This was used to present in-situ microscopic 

evidence of a solution-mediated amorphous to zeolite-4A transformation at 

synthesis temperatures of 50-65 °C. Below 50 °C no amorphous phase 

dissolution was observed despite noticeably increasing crystallinity.

These syntheses were repeated on a 1.5-litre scale where turbidity, 

conductivity and pH measurements were recorded. Results from these 

experiments verified the microscopy findings. Decreased turbidity, pH, plus 

increased conductivity mark gel phase dissolution at 50-65 °C. Similar
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Abstract

changes are absent at lower temperatures. The turbidimetric data was used 

to calculate an activation energy of 57.6 kj/m ol for zeolite crystallisation.

The gel structure, its solubility characteristics and the colloidal nature of the 

amorphous particles were used to postulate macro- and micro-scale 

dissolution based solution-mediated transformation mechanisms. Macro

scale dissolution is suggested for syntheses at 50-75 °C, where free liquid 

plus that trapped within gel inclusions and pores dissolves the amorphous 

solid. Micro-scale dissolution is proposed for syntheses below 50 °C where 

dissolution occurs within inclusions and pores of the amorphous solid only. 

Gel dissolution was thought to result from solution desupersaturation and 

disruption of the electrical double layer surrounding amorphous particles, 

caused by zeolite crystal formation.

Nucléation phenomena were investigated using turbidimetric and 

conductivity-based induction time measurements. Results for zeolite A 

indicate homogeneous nucléation for synthesis temperatures below 50 °C 

and heterogeneous above that. Results for the amorphous precursor are 

consistent with a homogeneous nucléation mechanism. Interfacial tension for 

zeolite-A was higher than the amorphous phase at synthesis temperatures 

below 50 °C but found to be lower at above 50 °C.

Finally, microscopic evidence is presented for zeolite A synthesis from clear 

solution (i.e. without initial amorphous gel formation) using recipes, based 

upon the solubility results, undersaturated to the amorphous phase.

These results may have important implications for the controlled industrial 

manufacture of zeolite crystals and provide new directions for zeolite 

crystallisation research.
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Chapterl Literature Survey

CHAPTER 1. LITERATURE SURVEY

1. INTRODUCTION TO ZEOLITES

In 1756, the Swedish mineralogist Axel Fredrick Cronstedt discovered that 

stilbite, a natural mineral, visibly lost water when heated and named the 

class of materials zeolites (from the classical Greek words meaning hailing 

stones). Today, around 39 naturally occurring zeolite species have been 

identified with massive mined deposits throughout the world (Sand et al, 

1978). Computer predictions, however, indicate the existence of over 6 

million conceivable zeolite structures (Dyer, 1988).

Zeolites are three-dimensional, microporous, crystalline solids with well- 

defined structures containing aluminium, silicon and oxygen in their regular 

framework. The composition of aluminosilicate zeolites can be expressed by 

the following empirical formula:

Mm/ z . [mAlOz . nSiOz]. qH20 

Where n is greater than or equal to m  and z is the valence of the cation M. 

The maximum value of n /m  (the Si/A l ratio) for natural zeolites is 5, 

whereas it can approach infinity for some synthetic zeolites.

The silicon and aluminium atoms are tetrahedrally co-ordinated with each 

other through shared oxygen atoms, thus generating a three-dimensional 

network. Zeolites have void space (cavities or channels) that can host cations.
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water or other molecules. Effective pore sizes range from about 3 to 7Â. The 

regular and reproducible structure of zeolites ensures they behave in a 

predictable fashion, allowing them to separate molecules based on size, 

shape and polarity amongst others.

Natural zeolites form by reaction of mineralising aqueous solutions with 

solid aluminosilicates. Main synthesis parameters are the composition of the 

host rock and interstitial solutions, high pH, several thousand-year time 

periods and temperatures of usually less than 100 °C (Breck, 1974).

Since 1946 over 100 additional zeolite types have been synthesised in the 

laboratory, with no natural counterparts. Most commercially used zeolites 

today are produced synthetically.

Definition problems now arise due to the increasing numbers of crystalline 

porous substances being synthesised by zeolite-type preparative methods. 

The difference between these so-called zeoh/pes and true zeolites is that the 

former contain elements other than Si or Al in tetrahedral framework sites 

e.g. AIPO4.

The channels and cavities in the zeolite structure contain cations and water 

molecules with a high degree of mobility, facilitating ion exchange and ready 

gain/loss of H 2O molecules. It has been noted that the number of cations 

present within a zeolite structure is determined by the number of (A1 0 4 )̂ ‘ 

tetrahedra included in the framework. Also, the extent and location of water 

molecule incorporation depends upon the size and shape of cavities present 

as well as the number and nature of the cations in the structure. Cation and
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water sitings in any zeolite framework are seen to be a function of 

temperature, water content and SiiAl ratio (Barrer, 1982).

The assemblage of tetrahedra with porous structure creates a regular array of 

apertures of a size capable of selectively taking up some molecules into their 

pores, whilst rejecting others due to their larger dimensions. This property of 

"molecular sieving" is unique to zeolites. The ion exchange properties of 

zeolites have found uses in many areas including water treatment, soil 

benefaction and medium level solid radioactive waste treatment. The major 

industrial processes making use of zeolite catalysts are listed in Table 1.1.

By definition (Si04)4- and (A104)5- tetrahedra are assembled together such 

that the oxygen at each tetrahedral corner is shared with that in an identical 

tetrahedron (either Si or Al). This corner (or vertex) sharing creates infinite 

lattices comprised of identical building blocks (unit cells) in a manner 

common to all crystalline materials. Zeolite structures often have identical (or 

very similar) repeating structural sub-units, less complex than their repeating 

unit cells. These recurring units are called "Secondary Building Units" 

(SBUs) and the simplest classification describes all known zeolite 

frameworks as arrangements linking 8 SBUs as shown in Figure 1.1.1.
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PROCESS DESCRIPTION CATALYST ADVANTAGES
Catalytic cracking Higher boiling distillation 

fractions conversion to 

saturated branched 

alipbabcs, cyclobexane & 

aroma tics at 450-500 "C. 

Mainly used for gasoline 

production.

REY (REX, REHY, REMgY, 

HY)

Selectivity and high  

conversion rates.

Hydrocracking Catalytic cracking of 

petroleum in the presence of 

hydrogen gas at up to 3000 

psi. Process converts S-, N-, 

& O- containing compounds 

to H2S, NH 3 & H2O.

X, Y, CaMgY, 

mordenite,erionite loaded 

with Co, Mo, W, Ni and H- 

ZSM5

High conversion rates.

Selectoforming Selective cracking of n- 

pentane n-hexane in a 

petroleum fraction.

Ni erionite. N i erionite/ 

clinoptilohte

Increases in octane 

number via LFG 

production.

Hydroisomerisation General name for the 

isomérisation of aromatic 

hydrocarbons in a hydrogen 

atmosphere.

Ft mordenite Converts low octane, 

pentane and hexane feeds 

to higher-octane yields.

Catalytic Dewaxing Removal of waxes (linear 

aliphatic hydrocarbons, 

RMM 225-1000) from 

petroleum streams by 

converting them to lower 

RMM hydrocarbons.

Ft mordenite, ZSM-5 Improved pour points.

Benzene alkylation General name for the 

addition of alkyl groups to 

Benzene.

ZSM-5 Ethylbenzene & styrene 

production with low  by

product yields.

Xylene isomérisation ZSM-5 Increase in F-xylene 

yields.

Methanol to gasoline 

conversion

ZSM-5 High gasoline yield and 

high octane rating.

NO^ reduction H mordenite Effluent clean up in nitric 

acid & nuclear 

reprocessing plants.

Table 1.1: Uses of different types of zeolites
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4-4
6-6 8-6

4 cS
5-1

4 - 4-1

Figure 1.1.1: Strutures of the 8 SBUs used in zeolite structure 

classification (after Catlow, 1992).

Each SBU contains rings of tetrahedra equivalent to rings of oxygen atoms 

described as single 4-ring etc. When SBUs are joined to create the infinite 

lattices, they can proscribe larger rings containing 8, 10 or 12 linked 

tetrahedra (i.e. 8, 10 or 12 oxygen atoms). These rings are important 

structural features and often called oxygen windows.

Higher subsidiary levels of structural organisation can be identified in 

polyhedral building blocks, e.g. the sodalite unit (or p cage) which comprises 

both four- and six-rings linked together to form a cubo-octahedron. The cage 

has an internal free diameter of about 6 Angstroms - sufficient to encapsulate 

small molecules. Different modes of linking sodalite units generate some of 

the commonest zeolite structures (see Figure 1.1.1.2).

Fusing the units together via their four-rings generates the structure of 

sodalite itself, which is both a naturally occurring and a widely synthesised 

industrial material. Bridging (rather than fusing) of sodalite units via four- 

rings generates the structure of zeolite A (see Figure 1.1.3); a structure that
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does not occur naturally but is extensively synthesised (885,000 tonnes per 

year in Europe 1992 - CEFIC) owing to its use in ion exchange, gas separation 

and drying. Its greatest use is probably in the detergents industry as a 

replacement for polyphosphates as a water-softening agent, lowering the 

Ca^+ ion concentration present in the water. In the 1970s and early 1980s 

sodium tripolyphosphate was utilised, but replaced when found to cause 

eutrophication, acting as a fertiliser in rivers resulting in wild algae growth, 

reducing the oxygen content in rivers so killing fish. Zeolite 4A is not as 

efficient at water softening as tripolyphosphate, but was selected as an 

effective and more environmentally acceptable alternative.

SO D A LITE

/

■odaNie
or |t-cage z e o l i t e  a

tL-

Figure 1.1.2: The Sodalite cage linked to create different zeolites

(after Catlow, 1992).

Figure 1.1.3: The structure of zeolite A (after Barrer, 1982).
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An alternative mode of bridging, via six-rings, generates the structure of 

zeolite X or Y (depending on the Si/ Al ratio) similar to that of the naturally 

occurring mineral Faujasite. This mode of linkage generates very large voids, 

known as supercages. Access to these voids is via windows of a diameter of 

about 7.4 Angstroms. This allows organic molecules to diffuse in and out of 

the supercages, and the zeolite is one of the most important catalytic systems, 

being used widely in the cracking of long to shorter chain molecules in the 

gasoline range (Barrer, 1982).

Another important class of zeolites is that of the pentasil type, so called 

because they are constructed of five rings. The most important of these is 

ZSM-5 (see Figure 1.1.4C), which is used in a variety of catalytic applications, 

including both isomérisation reactions and synthesis of hydrocarbons in the 

gasoline range from methanol. The SBU on which the pentasil class of 

structures is based is shown in Figure 1.1.4A; their linkage to form chains is 

shown in Figure 1.1.4B and Figure 1.1.4C illustrates the joining of the 

resulting chains to give layers (Catlow, 1992).

The distribution of silicon and aluminium atoms over the tetrahedral sites 

has been extensively investigated with one of the guiding principles being 

Lowenstein's rule, which forbids Al-O-Al bridges. In general, zeolites are 

thought to accord with Lowenstein's rule (with detailed crystallographic 

evidence available for zeolite A), although it has been found possible to 

synthesise non-Lowensteinian distributions in Sodalite materials at high 

temperatures (Klinokowski et al., 1987).
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.M %
(a) SBU in Pentasil zeolites

u
(b) Linkage of SBUs to form Chains

(c) Linkage of chains to generate layers 
in ZSM-5 structure

Figure 1.1.4A-C: Generation of the ZSM-5 structure (after 

Catlow, 1992).

The replacement of silicon by aluminium results in a net negative charge for 

the framework. This can be neutralised by protons which, it is generally 

accepted, are firmly bonded to the lone pairs of the bridging oxygen species, 

as shown in Figure 1.1.5. These acidic hydroxyl groups play a vital role in the 

catalytic activity of zeolites. Proton exchange in aluminium containing 

zeolites, however, is complex due to aluminium extraction effectively 

resulting in dissolution. This is especially so for zeolite A where proton 

exchange is severely limited by dealumination, consequently bridging 

hydroxyls are not significant. In faujasite (zeolite X or Y) dealumination can 

occur to a greater extent without such severe dissolution. Conditions must be 

strictly controlled, however, to prevent severe damage to the crystal and loss 

of crystallinity. Other sites present at defect or surface sites may also play an 

additional role.
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Figure 1.1.5: Bridging hydroxyl group in aluminium substituted 

zeolites.

Alternatively, extra-framework cations, either monovalent (e.g. Na+, K+), 

divalent (e.g. Ca^+, Sr̂ +) or trivalent (e.g. La^+), may be incorporated into 

extra-framework sites. Generally, these are in some well-defined location 

with respect to the framework (see Figure 1.1.6). Exact cation locations and 

water molecule sites are difficult to identify, however, especially with light 

atoms such as Na. Partial occupancy of positions is common and the 

dynamics and mobility of intracrystalline species is also significant.

Figure 1.1.6: Extra-framework cation sites in zeolite X/Y,

The other consequence of inclusion of aluminium in the zeolite framework is

that the materials become hydrophilic, demonstrated by the fact that as

normally prepared the materials are extensively hydrated (some of this water

can be ascribed to hydration of the extra-framework cations though).
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Creation of open porous crystals requires the void spaces to be filled and this 

is usually done by water for A1 containing zeolites. Additionally, hydrated 

cations can act as templates around which aluminosilicate precursors form. 

Consequently, the water and cations are an intrinsic feature of the zeolite. A 

characteristic of zeolites, however, is that the water can be removed 

reversibly and replaced with other vapours.
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2. ZEOLITE STRUCTURE IDENTIFICATION AND  

CHARACTERISATION

Introduction

Zeolites can exist in a multitude of compositions and crystal structures, with 

even subtle changes significantly affecting their properties. It is therefore 

important to be able to accurately identify and characterise synthesis 

products. Consequently, this section examines the various methods and 

techniques involved.

X-Ray Diffraction

X-rays (electromagnetic radiation of wavelengths of about 100 pm) are 

produced by bombarding a metal with high-energy electrons. Irradiation of 

crystals by X-ray produces a scattering pattern from the regular array of 

atoms (or ions) within the structure. This reflects the framework and non

framework symmetry of the constituents of each crystal to produce a 

diagrammatic fingerprint of 2d spacings according to the Bragg equation 

(Atkins, 1990):

(1) nÀ, = 2d.sm6

where:
n = Integer.

X = Wavelength of incident X-rays.

d = Value of interlayer spacings of the component atoms or ions.
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0 = Scattering angle.

The Debye-Scherrer method uses monochromatic radiation and a powdered 

sample so that some crystals will always be oriented so as to satisfy the Bragg 

equation. In modern diffractometers the sample is spread on a flat plate and 

the diffraction pattern is monitored electronically. Powder XRD is now 

mainly used for qualitative analysis as the diagnostic patterns can be 

compared to standard computer generated patterns for identification 

purposes. A useful tool in this type of analysis is the Reitveld method. This 

predicts likely XRD patterns from simulated structures and presents data 

output of the closeness of fit between experimental and computed patterns. 

Powder XRD can be used to measure relative crystallinity by measuring the 

peak area (or intensity and line width parameters) with that of a suitable 

reference sample.

The alternative single-crystal XRD method uses a single crystal rotated until 

a reflection is detected. The complete data set here consists of angles at which 

reflections are observed and their intensities (Atkins, 1990). A single-crystal 

X-ray diffraction study can provide all the information required to identify 

the framework structure. It can also help to provide details of the non

framework (pore contents) positions. Synthetic zeolites, however, are seldom 

available as big enough single crystals for this kind of analysis, though many 

natural samples are suitable. With powders, the Reitveld method has proved 

very effective.

A typical simulated XRD plot for zeolite A is shown in Figure 1.2.1.
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«  6Ü.0

JiJ 20

Figure 1.2.1: A simulated powder XRD trace of zeolite A (Dyer,

1988).

X-Ray Fluorescence

This method employs X-ray induced fluorescence emitted at wavelengths 

characteristic of atoms present in a solid as a quantitative analysis of 

elemental composition. It needs very careful calibration and gram quantities 

of sample for analysis.

The technique is restricted in that it requires atoms with atomic number 

greater than 20. XRF is suitable for zeolites, however, because they comprise 

elements with an atomic mass greater than 20 (Na 23; A1 27, Si 28). Oxygen 

and hydrogen are not determined in this way; thus moisture contents must 

be accurately determined to obtain relative masses using an alternative 

method e.g. Total Volatile Matter analysis (TVM).
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Other Diffraction Techniques 

Neutron diffraction

Benefits of using this method in zeolite structural investigations are that 

samples can be used in powder form and Reitveld analysis can also be 

employed. The technique is intrinsically more sensitive to Si and A1 ordering 

in the zeolite framework position as Si and A1 have significantly different 

neutron scattering properties but very similar X-ray scattering.

Electron diffraction

A useful tool for crystallographers in that it clearly defines the faulted and 

twinned crystals common in synthetic and natural zeolites; as well as 

detecting the presence of superlattices and intergrowths (Catlow, 1992). 

Surface analysis of the solid is carried out by bombardment with 

monochromatic X-rays; by measuring the energy of the electrons ejected 

from the inner electron shells one can determine the elemental composition 

and chemical states. The sensitivity range is to a depth of a few atom layers.

Scanning Electron Microscopy (SEM)

Associated with electron diffraction, a high-energy electron beam is used in 

conjunction with magnetic lenses for magnification. The high energy of the 

electron beam means that it does not focus on the subject for a long time but 

sweeps (scans) across the surface permitting a 5 nm image resolution. Figure
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1.2.2a shows typical SEM results for zeolite A and Figure 1.2.3b for its 

amorphous precursor.

Figure 1.2.2a Scanning Electron micrograph of zeolite A (this 

work).

Figure 1.2.2b Scanning Electron micrograph of zeolite A

precursor (this work).

This is in contrast with the Scanning Tunnelling Microscope (STM) with a 

resolution of about 1 A that allows the viewing and manipulation of 

individual atoms. STM utilises the ability of electrons to tunnel through 

energy barriers. Electrons flow between the fine tip of a needle and 

projections of an adjacent surface. The needle is supported by piezoelectric 

crystals; the tip is moved by applying precise voltages to the crystals, 

changing their dimensions slightly to permit the atomically sharp tip to go
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across the energy gap between the outer electrons of the surface atoms. If the 

voltage is kept low the tip-to-projection distance controls the current; what is 

recorded is the tip motion needed to keep the tunnelling current constant as 

the tip moves across a 10 nm square of the surface; the result is the image of 

the surface.

High-resolution electron microscopy (HREM)

This gives more detail of zeolite crystal symmetries and has a sufficient 

resolution to allow one to see zeolite pore structures. It is the most 

appropriate way of examining defected and mixed phases of zeolite 

character.

Spectroscopy: 

Infra red

This technique uses the molecular absorption of I.R. radiation; energy 

absorbed in infrared (2.5-50 pm, 4000-200 cm-^) is due to stretching, bending, 

and twisting vibration modes uniquely characteristic of the structure of each 

compound (Atkins, 1990).

The absorption bands appear at specific wavelengths allowing identification 

of bonds and detailed structural features. I.R. bands provide information on 

vibrations due to changes in dipole moments and reveal the configuration, 

conformation, symmetry and H-bonding. IR techniques are especially useful 

because of the Si-O bond bending and stretching fingerprint region.
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Nuclear Magnetic Resonance (NMR)

This allows the determination of detailed spatial arrangement of atoms in a 

molecule and their interactions with each other. A weaker radio frequency 

field modifies the measurements undertaken in a strong external magnetic 

field. Well-resolved resonance with the radio frequency field is given by 

nuclei with a spin of 1/2, e.g. ^%i, The exact frequency and

intensity depends on the environment and the concentration of each atom, 

while the area under each peak relates to the number of atoms giving the 

signal. More detailed data can be obtained by using several of the nuclei 

(such as and simultaneously (Atkins, 1990).

During the last decade, magic angle spinning (MAS) nuclear magnetic resonance 

(NMR) has had a major impact on zeolite chemistry. The magic angle 

technique allows high resolution data to be obtained for solids, since 

spinning the sample at the magic angle of 54°44" effectively removes most of 

the line broadening influences in the solid state NMR spectrum. The greatest 

amount of work has been reported for ^^Si-NMR.
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3. CRYSTALLISATION

The synthesis of zeolites involves the methods and processes of the field of 

crystallisation. It is therefore essential to carry out a thorough examination of 

its background theories and principles.

Crystallisation is the formation of solid particles within a homogeneous 

phase. It may occur as the formation of solid particles in vapour, e.g. snow, 

as solidification from a liquid melt, e.g. freezing of water to ice, or as 

crystallisation from solutions (McCabe and Smith, 1993).

Crystallisation from solution is important industrially because of the variety 

of materials marketed in the crystalline form. Its wide use has a two-fold 

basis:

1. A crystal formed from an impure solution is itself pure (unless 

mixed crystals occur).

2. Crystallisation is a practical method of obtaining pure chemical 

substances in a satisfactory condition for packaging and storing.

In industrial crystallisation from solution, the 2-phase mix of mother liquor 

and crystals of all sizes, which occupies the crystalliser and is w ithdrawn as a 

product is called a magma.

When removed from the final magma, the crystal is itself mainly pure but 

retains mother liquor and in the case of aggregates, considerable amounts of 

mother liquor may be occluded in the solid mass. When retained mother 

liquor is dried on the product, the extent of resulting contamination depends
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upon the degree of impurity of the retained mother liquor. In practice, much 

of the retained mother liquor is separated from the crystals by filtration or 

centrifugation, and the balance removed by washing with fresh solvent. The 

effectiveness of these purification steps depends upon the size and shape of 

the crystals.

The term precipitation often refers to nothing more than fast crystallisation. 

Sometimes it also implies an irreversible process, e.g. many precipitates are 

virtually insoluble substances produced by a chemical reaction. Products of 

most conventional crystallisation processes can be redissolved if the original 

conditions of temperature and solution concentration are restored (Mullin, 

1993). Precipitation processes are generally initiated at very high 

supersaturation compared to crystallisation, resulting in fast nucléation and 

the consequent creation of large numbers of very small primary crystals 

(Sohnel and Garside, 1992). Although precipitation, like all crystallisation 

processes, consists of supersaturation, nucléation and growth, two 

subsequent secondary steps usually have a profound effect on the final 

crystalline product. The first is agglomeration, generally occurring soon after 

nucléation, and the second is ageing, a term used to cover all irreversible 

changes that take place in a precipitate after its formation.

Small particles in liquid suspension have a tendency to cluster together and 

terms such as agglomeration, coagulation and flocculation have all been applied 

in this area, although without any generally accepted rules of definition. 

Agglomeration is discussed in a later section.
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When solid particles are dispersed in their own saturated solution there is a 

tendency for the smaller particles to dissolve and the solute to be deposited 

subsequently on the larger particles. Thus the small particles disappear, the 

large ones grow and, theoretically, the particle size distribution should 

ultimately change towards that of a monosized dispersion. This behaviour is 

due to the tendency of the solid phase in the systems to adjust itself to 

achieve a minimum total surface free energy. This process was first called 

Ostwald ripening after the proposer of the mechanism (Ostwald, 1896).

Solubility

The term "solubility" denotes the extent to which different substances, in 

whatever state of aggregation, are miscible in each other. The constituent of 

the resulting solution present in large excess is known as the solvent, the 

other constituent being the solute.

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 

(Mullin, 1993). The solution's temperature coefficient of solubility is another 

important factor and determines the crystal yield; if the coefficient is positive 

then an increase in temperature will increase solute solubility and so solution 

saturation.

An ideal solution is one in which interactions between solute and solvent 

molecules are identical with that between the solute molecules and the
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solvent molecules themselves. A truly ideal solution, however, is unlikely to 

exist so the concept is only used as a reference condition.

For a substance to dissolve in a liquid, it must be capable of disrupting the 

solvent structure and permit the bonding of solvent molecules to the solute 

or its component ions. The forces binding the ions, atoms or molecules in the 

lattice oppose the tendency of a crystalline solid to enter solution and become 

saturated. The solubility of a solid is thus determined by the resultant of 

these opposing effects.

The solubility of a solute in a given solvent is defined as the concentration of 

that solute in its saturated solution. A saturated solution is one that is in 

equilibrium with excess solute present. The solution is still referred to as 

saturated, even after the excess solute is filtered (Mullin, 1993).

Impurities, e.g. another solvent, can have unpredictable results on solubility, 

e.g. a significant decrease in solubility of potash-alum in aqueous solutions 

was seen upon the addition of acetone (Mydlarz & Jones, 1989).

There are many methods available for measuring solubility and no single one 

is generally applicable to all system types. One of the major experimental 

difficulties in any of the methods is the achievement of equilibrium in the 

solution. Prolonged agitated contact is required between excess solid solute 

and solution at a constant temperature, usually for several hours or days 

(according to system temperature and viscosities). Approaching equilibrium 

from both the under-saturated and the over-saturated states can check the 

accuracy of the solubility determination:
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A) Over-Saturated: In this case, excess solid, to the amount required for 

saturation, is added to the solvent and agitated until apparent equilibrium is 

reached, i.e. regular sampling is undertaken until solution composition 

remains constant.

B) Under-Saturated: The same quantities of solute and solvent are mixed, as 

for the above case, but the system is then heated for about 20 minutes above 

the required temperature (if solubility increases with temperature) so that 

most, but not all, of the solid is dissolved. The solution is then cooled and 

agitated at a given temperature for a long period, to allow the excess solid to 

deposit and an apparent equilibrium to be reached.

If the two solubility determinations agree, then the result represents the true 

equilibrium saturated concentration at the given conditions, otherwise more 

time has got to be allowed. The solution composition can be expressed in a 

variety of ways including:

• Mass per unit mass of solvent.

• Mass per unit mass of solution.

• Mass per unit volume of solvent.

Important factors during the determination are:

a) Temperature Control: This is usually required to an accuracy of greater 

than 0.1 °C. Additionally, any thermometers, thermocouples, thermistors 

used m ust be accurately calibrated with reference to a standard thermometer.
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b) Solution Agitation: This needs to be sufficient to bring the liquid and the 

solid phases into intimate contact to facilitate equilibration. It must be 

undertaken in a sealed/agitated vessel to prevent solvent loss through 

evaporation.

c) Sampling: Once equilibrium is attained, the mixture should be allowed to 

stand for a minimum of one hour, at the relevant constant temperature, to 

enable any finely dispersed solid particles to settle. Sample withdrawal 

varies depending on the system characteristics, e.g. a suitably warmed 

pipette with the tip protected by a piece of cotton/ glass wool to prevent solid 

particle intake, or a variety of sintered glass filters can be used. Several 

portions of solution should first be withdrawn and discarded to satisfy any 

possible capacity of the filter to absorb solute from the saturated solution. 

The samples, weighed quantities rather than measured volumes, may then be 

analysed by any consistent technique. Available techniques for measuring 

the solution composition include (Mullin, 1993):

Volumetric analysis 

Gravimetric analysis 

Density measurement 

Chromatography 

Colorimetry 

Spectroscopy

Interferometry

Conductometry

Refractometry

Polarimetry

Polarography

NMR

If the dissolved substance is stable to heat, the mass present in a known mass 

of solution can be determined by gentle evaporation to dryness, followed by
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heating to constant mass in an air oven at 100 °C. Solid loss through 

spattering must be avoided as well as the solution creeping and going over 

the sides of the evaporating dish. In addition, the evaporating dish needs to 

be covered with a large funnel to prevent dust contamination.

It is usually advisable to measure the density of a saturated solution at the 

same time that the equilibrium saturation concentration is measured since 

density is the m ass/volum e conversion factor and frequently required in 

process calculations.

Supersaturation

Supersaturation, the driving force for nucléation and crystal growth, is 

achieved when the concentration of solute in solution is greater than the 

equilibrium concentration at the same temperature. It can be expressed in a 

number of ways (Mullin, 1993):

Concentration Driving Force AC = Cbuik - Cequü

Supersaturation Ratio S = Cbuik /  Cequü

Absolute Supersaturation (|) = AC /  Cequü = S-1

Percentage Supersaturation %S = 100 (j)

The definition for %S was used throughout this work. Many factors, 

including particle size, shape and the type of nucléation and crystal growth 

mechanisms, are all dependent to some extent on supersaturation. For 

example, low supersaturation leads to long induction times and large particle
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sizes (i.e. a small quantity of large nuclei are formed) whereas at high 

supersaturation, shorter induction times and smaller particle sizes occur (i.e. 

a large quantity of small nuclei are formed).

Solution desupersaturation is the decrease of the solution concentration with 

time as solute precipitates from solution.

Supersaturation is an essential requirement for all crystallisation operations 

and may be generated by 1 or more of 3 methods:

1. If the solubility increases strongly with increase in temperature, 

as in the case with many common inorganic salts and organic 

substances, temperature reduction will supersaturate a 

saturated solution.

2. If solubility is relatively independent of temperature, e.g. 

common salt, evaporating a portion of the solvent can generate 

supersaturation.

3. If cooling or evaporation is undesirable, e.g. when the solubility 

is very high, supersaturation may be generated by adding a 

third component; this may act physically by forming, with the 

original solvent, a mixed solvent in which the solubility of the 

solute is sharply decreased (known as drowning out). 

Alternatively, if a nearly complete precipitation is required, a 

new solute may be created chemically by adding a third
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component that will react with the original solute and form an 

insoluble substance (this is known as precipitation).

Ostwald (1897) first introduced the terms labile and metastable 

supersaturation to classify supersaturated solutions in which spontaneous 

(primary) nucléation would or would not occur respectively. Miers and Isaac 

(1906,1907) produced a diagrammatic representation of the metastable zone 

on a solubility supersolubility diagram, as shown in Figure 1.3.1.

Labile

Metastable

Stable

Temperature

Figure 1.3.1: Solubility and Supersolubilty Diagram

The supersolubility curve, representing temperatures and concentrations at 

which uncontrolled spontaneous crystallisation would occur, is not well 

defined. Its position on the diagram is considerably affected by, amongst 

other things, the rate at which supersaturation is generated and the intensity 

of agitation. The stable zone represents the area where the solution is 

unsaturated and crystallisation is impossible. In the metastable 

(supersaturated) zone spontaneous crystallisation is improbable, but growth 

would occur on a seed crystal if placed in a metastable solution. Spontaneous
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crystallisation in the unstable labile (supersaturated) zone w ould be 

probable, but not inevitable (McCabe and Smith, 1993).

Nucléation

Nucléation, as defined by Mullin (1993), can be classed as either primary or 

secondary, as shown in the schematic below. Primary nucléation can be split 

into homogeneous (spontaneous) and heterogeneous (induced by foreign 

particles). True homogeneous nucléation is rare as most such cases have 

subsequently, upon careful examination, been found to be induced in some 

way, e.g. by the presence of atmospheric dust that may contain "active" 

particles (heteronuclei). (It is virtually impossible, though, to achieve a 

solution free of foreign bodies).

NUCLEATION

Secondary 
(Induced by Crystals)

Primary

Homogeneous Heterogeneous
(Spontaneous) (Foreign particle induced)

Classical Theories Empirical Relationships

Crystals already present in the solution induce secondary nucléation, e.g. 

due to seeding with pre-grown crystals. Attrition is the only source of new 

crystals that is independent of supersaturation and results from fragments of
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crystals being broken off by the action of the stirrer or collisions with other 

particles.

The rate of nucléation is the number of new particles formed per unit volume 

of magma or solids-free mother liquor. This quantity is the first kinetic 

parameter controlling the Crystal Size Distribution (CSD).

Primary Nucléation

Homogeneous Nucléation (McCabe, 1993)

Crystal nuclei may form from molecules, atoms, or ions. These may, in 

aqueous solutions, be hydrated. Due to their rapid motions such particles are 

called kinetic units. In a very small volume, 10 nm^, kinetic theory suggests 

that individual kinetic units vary greatly in location, time, velocity, energy 

and concentration. The apparently stationary values of the intensive 

properties (density, concentration and energy) in a macroscopic mass of 

solution are time-smoothed averages of fluctuations too fast and too small to 

measure on a macroscopic scale. Fluctuations cause an individual kinetic unit 

to enter the force field of another, and the two particles momentarily join. 

Immediate separation usually occurs, alternatively, a third and subsequent 

particles may join them forming clusters. The addition of particles one by one 

to a cluster constitutes a chain reaction, which may be considered to be a 

series of reversible chemical reactions as shown below:

Ai + A]  ► A2

Ai + A2 ^  A3

Am-1 +  A] ^  ► Am
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where Ai is a single kinetic unit and the subscript is the number of units in 

the cluster.

At sufficiently high values of m, a cluster is considered a particle of a new 

phase with definite identity and boundaries and is called an embryo. Embryos 

mostly have short lives, reverting to clusters or individual units upon break 

up. Depending on the supersaturation, however, some embryos grow to such 

a size that they attain thermodynamic equilibrium with the solution and can 

then be termed nuclei. The value of m for a nucleus is in the range of a few to 

several hundred, e.g. m for nuclei of liquid water is about 80.

Nuclei are in a state of unstable equilibrium - dissolving if they lose units or 

growing to become crystals by gaining units. Therefore, the sequence of 

stages in the evolution of a crystal is:

Cluster i-i Embryo ^  Nucleus ■ ■ ^  Crystal

The thermodynamic difference between small and large particles at the same 

temperature is that the former possesses a greater amount of surface energy 

per unit mass. Consequently, a small micrometer size range crystal is more 

soluble than a large one. Ostwald ripening refers to small crystal dissolution at 

the expense of the growth of a larger one in the same solution. The effect of 

particle size on solubility is therefore a key factor in nucléation.

The surface energy of a crystal differs from face to face. Consider face /c of a 

crystal having/faces. Let Ok be the surface energy per unit area of face k, and
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assume that this interfacial energy is independent of crystal size. Then the 

expression for the energy of face k, Ukr is given by:

(2) U ,= c7,A,

where A k  is the area of face k.

Gibbs-Wulff Theorem

Assuming Ok is constant and crystal size independent, thermodynamic 

analysis has shown that if the crystal grows at constant temperature in 

equilibrium with its mother liquor, the crystal preserves invariance of shape 

(McCabe, 1993). This is the Gibbs-Wulff theorem. Since the ratio Ak/ Ac is 

constant in such a crystal, where Ac is the total area of the crystal, the surface 

energy of the crystal Uc is:

where Oav is a weighted average interfacial energy which is independent of 

crystal size. If the constant ratio A k / A c  is denoted by P k , the total surface 

energy of the crystal, U c ,  is given by:

(4) Uc = Y, [({kA t ^  = ZL ̂ kPk

Comparing equations (3) and (4)shows:

(5) CTay=Y,[̂ ,CrkPk

The formation of a crystal requires two kinds of energy:

(a) One to form the crystal surface.

(b) One to build the crystal mass.
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The surface energy is given by equation (3). From equilibrium 

thermodynamics, the energy required to build the crystal is, at constant 

temperature and pressure:

(6) —(/i — /y<x))Wc

where:

fj. -  chem ical po ten tia l o f  so lute in supersa tu rated  so lu tion .
//a. = chem ical po ten tia l o f  crystal su ffic ien tly  large to be in equ ilib rium  w ith  sa tu ra ted  so lu tion . 
me = m olal m ass o f  crystal.

The total energy required to build the crystal may be given by the increase in 

the value of a potential called the work function Q, so:

A O  = CTavAc — c =  A c [ C a v --------- ( / /  — //«>]
A c

If Vm is the molar volume and Vc the volume of the crystal:

(8) m c = ^
V m

Under ideal conditions, a growing crystal maintains geometric similarity 

during growth. For such an invariant crystal, it can be shown:

(9) A c =  6 b V

and

(10) Vp = aV

where:

Vp = Volume of crystal.

Ac = Area of crystal.

a,b = Shape factors, depending only on shape of crystal and choice of 

dimension L.
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From these equations, the following ratio can be obtained:

(11) ^ C = J ^ c

Now making the relevant substitutions into equation (7) gives:

( Ï 2 )  AQ = 6bL^[aav - / /» ) ]
6

The thermodynamic condition for equilibrium applicable to this situation for 

a fixed, constant value of // -  /y» (corresponding to a definite 

supersaturation) is:

(13) ^ g
dL

Applying this condition to equation (12) gives for the equilibrium crystal size 

Ln:

(14) ^
(/̂  -

The subscript on the potential difference signifies its values corresponding to 

the crystal size L n .  This size is called the critical size  and is the size of the 

nucleus.

The chemical potential difference is related to the concentrations of the 

saturated and supersaturated solutions by the equation:

(Ï5 ) (// -  = vRT\n —  = vRT \n —  = vRT \n a

Substituting ^  -  jû  from equation (15) into equation (14) gives:

(16)
vRTL^
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This is known as the Kelvin equation, relating the solubility of a substance to 

its particle size. The energy of nucléation, A Q n , is found by substituting L n  from 

equation (14) for L in equation (12) and then substituting from

equation (15) into the resulting equation. After simplification this yields:

The energy of nucléation is an energy barrier that controls the kinetics of 

nucléation. The rate of nucléation, from the theory of chemical kinetics, is:

(18) = C e x p ( - ^ )  = C e x p (^ ^ l^ )

Assuming that the nuclei can be represented by spheres of diameter D 

(b=7r/6) the value of a  is uniform; and substituting for AQn from equation

(17) into equation (18) gives:

where:

= nucléation rate, number/cm^ sec 

k = Boltzman constant, 1.3806*10'^^ erg / gmol.K.

Na = Avogadro constant, 6.022*10^ molecules/ gmol.

R = Gas constant, 8.3143*10^ ergs/gmol.K.

C = Frequency factor.

a= Concentration ratio.

o= No. of ions per molecule of solute.
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The factor C represents the rate at which individual particles strike the 

surface of the crystal. Unknown for nucléation from solution, from analogy 

with nucléation of water drops from supersaturated water vapour, however, 

it is of the order of 10^. Kinetics of nucléation are dominated by the Ina term 

in the exponent, so the exact value of C is unimportant.

Numerical values for a  are also uncertain, they can be calculated using lattice 

energies, but experimental data is unavailable (80 to 100 ergs/cm^ for 

ordinary salts). For a nucléation rate of 1 nucleus/cm ^ec, the value of 

supersaturation required is impossibly large for materials of normal 

solubility. This is one reason that homogeneous nucléation in ordinary 

crystallisation very rarely occurs, and all nucléation in these situations is 

heterogeneous. Homogeneous nucléation does occur in reactions where large 

supersaturation ratios can be generated rapidly, e.g. precipitation.

In heterogeneous nucléation, the catalytic effect of solid particles on 

nucléation rate is the reduction of the energy barrier given by equation (17), 

so facilitating nuclei formation.

Secondary Nucléation

This is the formation of nuclei due to influence by existing macroscopic 

crystals in the magma. There are two types, one attributable to fluid shear 

and the other to collisions between existing crystals with each other or with 

the walls of the crystalliser and rotary impellers or agitator blades.
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Fluid-Shear Nucléation

This occurs when supersaturated solution moves past the surface of a 

growing crystal at a substantial velocity, the shear stresses in the boundary 

layer may sweep away embryos or nuclei that would otherwise be 

incorporated into the growing crystal and so appear as new crystals.

Contact Nucléation

The main advantages of this type are:

1. It has a low kinetic order and is rate-proportional to the 

supersaturation or, in some cases, to (1/lna) compared to the 

twentieth or more order of primary nucléation, allowing easy 

control and stable operation.

2. It occurs at low supersaturation, where crystal growth rate is at its 

optimum for good quality.

3. The necessary energy at which the crystal is struck is very low, so 

contacts do not give unwanted macroscopic attrition.

4. The quantitative fundamentals have been isolated and are rapidly 

being incorporated into engineering practice.

The nucléation per contact has been shown to be proportional to the energy 

of contact for both organic and inorganic crystals, to the supersaturation for 

inorganic crystals and to (1/lna) for organic crystals. The precise mechanism 

for contact nucléation, however, is unknown. A combination of microscopic 

dendrite breakage on the crystal surface and interference by the contacting
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object with solute particle clusters attempting to integrate Into the crystal is 

suspected.

Induction Time Analysis

Experimentally determined induction periods (tm d ) are frequently used to 

analyse nucléation kinetics, and can be written as (Mullin, 1993):

(20) tind =t r + t n+t g

where:

tr = Required time to achieve quasi-steady-state distribution of 

molecular clusters, 

tn  = Stable nucléation formation time, 

tg  = Time needed for a nucleus to grow to a detectable size.

An indication of the predominating nucléation an d /o r growth mechanisms 

during the early stages of precipitation may be gained by plotting measured 

induction periods as a function of (log S)-̂ , (log S)-̂  and log (S- )̂. A straight 

line obtained from these plots suggests: either homogeneous nucléation or 

primary nucléation followed by diffusion controlled growth, polynuclear 

growth and screwdislocation growth respectively, see crystal growth section. 

The latent period is different to tmd. It refers to the onset of a significant change 

in the system, e.g. occurrence of massive nucléation, or some clear evidence 

of substantial solution desupersaturation.

Since experimentally measured tmd varies according to the evaluation 

methods used, it is not, by itself, a fundamental characteristic of a
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crystallising system. Assuming tmd is inversely proportional to the nucléation 

rate, for homogenous nucléation, it can be written as:

T \ \o g s y

where y is the interfacial tension. If true homogenous nucléation is occurring 

in a system, then a plot of log tm d Vs (logS)-^ should yield a straight line. A 

change in slope of the straight-line plot suggests a possible change from 

homogeneous to heterogeneous nucléation (Mullin, 1993). The gradient also 

allows the calculation of y, but only for cases of homogeneous nucléation. 

Alternatively, the following expression, based on fundamental relationships 

of regular solution theory, derived by Mersmann (1990) can be used for y 

prediction:

(22)

where:

y s i=  Interfacial tension (Jm- )̂ 

k = Boltzman Constant (1.38*10-^ JK'^) 

p c =  Crystal Density (kgm-^) 

m= Molar mass (kg kmoH)

N = Avogadro's No. (6.02 *10-^)

Cs,Cl = Solute Cone, in solid & liquid respectively.

At very high supersaturation, the induction time and latent period can be 

short enough to be indistinguishable. Seeding reduces, but does not
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eliminate, the induction period. By definition, secondary nuclei may appear 

in bursts throughout the latent period, making it difficult to attach any real 

significance to the induction period itself. Consequently, the latent period is 

usually considered the more practical characteristic of the system. The factors 

influencing induction and latent periods and the rate of desupersaturation 

are temperature, agitation, heat effects during crystallisation, seed size, seed 

area and the presence of impurities.

Experimental studies of tm d  for zeolite systems were not found in the 

literature.

Crystal Growth

Crystal growth is a diffusion process, modified by the effect of the solid 

surfaces on which it occurs. Solute molecules/ ions reach the growing faces of 

a crystal by diffusion through the liquid phase. At the surface they must 

become organised into the space lattice. Neither the diffusion step nor the 

interfacial step, however, will proceed unless the solution is supersaturated. 

The rate of crystal growth can be expressed as the rate of displacement of a 

given crystal surface in the direction perpendicular to the face (Sohnel and 

Garside, 1992). Different crystallographic faces of a crystal, however, usually 

have different linear growth rates.

Growth of crystals from solution involves two major processes:

1. Mass transport from the solution to the crystal surface by 

diffusion, convection, or a combination of both mechanisms.
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2. Incorporation of material into the crystal lattice through surface 

integration also described as the surface reaction process.

The second step can be subdivided into a number of stages:

1. Adsorption of the growth unit first on to the crystal surface.

2. Release of part of its solvation shell, after which the growth unit 

diffuses in to the adsorption layer until it is either incorporated 

into the lattice or leaves the adsorption layer and returns to the 

solution.

3. If the growth unit reaches a point where it can be built into the 

lattice, it loses the remaining of its solvation shell before final 

lattice incorporation.

Since the kinetic processes occur consecutively, the integral solution 

concentration adjusts itself so that the rates of the two steps are equal at 

steady state. Energetic analysis of the integration process shows that the most 

favourable point on the surface at which a growth unit can incorporate into 

the lattice is at kink sites shown in Figure 1.3.2.

Figure 1.3.3 shows the emergence of a screw dislocation, on a crystal face 

results in the formation of a growth step on an otherwise smooth crystal 

surface (Burton, Cabrera and Frank, 1951).
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Figure 1.3.2: Attachment of a growth unit into a kink site, (after

McCabe, 1976)

PcFirit v f
on

-  -DWocMion 
n v k tf iln  c rv x fm l

Figure 1.3.3: Growth step originating at a screw dislocation.

(after McCabe, 1976)

Interactions of this spiral with other growth steps that have developed from 

other sources produce a complicated surface structure. The rate at which the 

crystal surface grows, is then determined by the strongest or dominating 

spiral.

It is unusual for the rate of crystal growth to be controlled by a single 

mechanism, in most cases several mechanisms influence the growth rate. If 

the different mechanisms can be viewed as taking place in parallel, then the 

mechanism resulting in the faster growth controls the overall rate. If the 

processes take place in series, as in the case of bulk diffusion followed by 

surface reaction, then the slower mechanism will control the overall rate.

Page 57



Chapterl Literature Survey

McCabe's AL law (1929) states that crystals of the same substance growing 

under the same conditions should grow at the same rate. Experimental 

evidence has shown that this law is frequently violated (Sohnel and Garside, 

1992). The growth rate of a crystal face, for example, and the instantaneous 

velocity of steps spreading across the surface of a crystal have been shown to 

fluctuate with time, even though external conditions, e.g. temperature, 

supersaturation and hydrodynamics, remain constant.

These fluctuations appear to increase with an increase in temperature and 

supersaturation leading to crystals of the same substance, in the same 

solution at identical supersaturation, exhibiting different growth rates; this is 

thought to be a manifestation of the phenomenon of growth rate dispersion. 

Possible reasons for growth rate dispersion include: changes in the activity of 

the dominant group of dislocations during crystal growth; changes in the 

position of dislocations relative to the faces during growth and also due to 

mechanical stress on the crystal.

Temperature strongly affects crystal growth rate as it can significantly affect 

the relative rates of the diffusion and surface integration steps. The effect can 

be sufficient to produce diffusion-controlled growth at high temperatures, 

compared to integration step controlled at low temperature. The rate of 

precipitation often increases at high temperature, while the crystal size, 

shape and type can all change with temperature.
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The charge on the crystal surface has been found to be important in the 

building of growth units into the lattice, so also pointing to the important 

role of solution pH.

Secondary Processes

After the precipitation of a solid phase, it can under undergo a number of 

secondary changes, including Ostwald ripening, ageing and agglomeration. 

Ostwald ripening is the rapid process of larger crystals growing at the 

expense of smaller ones, resulting in the movement of the size distribution 

towards larger sizes as the system tries to achieve a minimum total surface 

free energy (Sohnel and Garside, 1992). The particle size and solubility 

dictate the process speed.

Ageing is the slow micro- or sometimes macroscopic change in the solid 

phase, notably in crystal modification, habit, specific surface or chemical 

composition of the solid phase.

Agglomeration refers to the more or less random attachment of particles to 

each other to form a collection of crystals joined together at edges and 

corners.

Primary and secondary are the 2 types of agglomeration as shown in the 

diagram below.
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Agglomeration

Primary
(Malgrowth)

Secondary

Orthokinetic Peri kinetic
(A gitated d is p e rs io n s )  (B row nian m otion of partic les  

in sta tic  fluid)

Secondary agglomeration is generally thought to proceed via the mechanism 

of Von Smoluchowski (1918), i.e. where agglomeration results from collisions 

of independent particles dispersed in a liquid induced by Brownian motion 

(Perikinetic) or shear force (Orthokinetic). Particles may then remain attached 

and later be cemented in their place, e.g. by crystalline bridges, or be 

separated again by hydrodynamic forces. This type of agglomerate consists 

of randomly orientated crystals easily recognised as individual entities. 

Primary agglomeration represents a sort of irregular or mal-growth of 

crystals producing complicated formations such as twins, intergrowths, 

dendrites, polycrystals; new smaller crystals originate on the surface 

imperfections of large crystals or near the crystal tip and develop gradually 

into full size crystals firmly connected to the parent crystals.

Sohnel and Garside (1992) distinguish between agglomeration and 

coagulation, which they define as a specific case of agglomeration occurring 

only with very small particles when the clusters are bound solely by physical 

forces.

Colloids

The considerable progress achieved in the low temperature synthesis of

zeolites is connected with the use of highly reactive materials in the colloid-
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dispersed state (aluminasilica gels, aqueous silica sols, silica, alumina gels 

etc.). Furthermore the primary particles of the amorphous gel formed during 

zeolite synthesis can also be characterised as colloidal. It is therefore 

important to understand the nature and some of the properties of such 

materials.

The term colloid generally refers to particles smaller than 1 pm. A dispersion 

of these particles in a fluid is called a sol. Particles of less than 0.2 pm are 

called super colloids and, although colloids are larger than molecules, they are 

too small to be seen under a microscope. Some workers refer to colloid 

particles as those in the size range IQ-̂  to IQ-̂  m. Dispersions of larger 

particles are called suspensions, colloidal properties, however, can also be 

exhibited by suspensions (Everett, 1988).

Classification

The name given to a colloid is determined by the two phases involved. Sols

are dispersions of solids in liquids (e.g. clusters of gold atoms in water) or of

solids in solids (e.g. ruby glass which is gold-in-glass sol and achieves its

colour by scattering). Aerosols are dispersions of liquids in gases (e.g. fog and

many sprays) and of solids in gases (e.g. smoke): the particles are often large

enough to be seen with a microscope. Emulsions are dispersions of liquids in

liquids (e.g. milk). Sometimes/oams, dispersions of gases in liquids (e.g. beer)

or of gases in solids (e.g. pumice) are also included (Atkins, 1990).

A further classification of colloids is as lyophilic (solvent attracting e.g.

macromolecules like proteins) and lyophobic (solvent repelling e.g. clays and
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hydrated oxides). Lyophobic colloids include the metal sols. Lyophilic 

colloids generally have some chemical similarity to the solvent, such as 

hydroxyl groups able to form H-bonds (Kruyt, 1963). A gel, as defined by 

Henisch (1970), is a semi-rigid mass of a lyophilic sol in which all the 

dispersion medium has been absorbed by the sol particles, so there is no free 

solvent.

Colloidal dispersions can be altered by treatment of the solid-liquid interface 

by the addition of either electrolytes or surface-active agents. Adjustment of 

physical conditions may lead to crystal growth as well as a change in particle 

size and interfacial area (Shaw, 1991). Coagulation and flocculation are two 

procedures leading to breakdown of the sol, by causing the particles to 

separate out from the liquid.

Lyophilic colloids are less sensitive to the addition of electrolytes than 

Lyophobic ones, and very high concentrations of the electrolyte salts are 

necessary for precipitation.

The Colloidal Model

Most naturally and man-made particles carry a residual charge on their solid

surface, usually this is a net negative charge, as in the case of minerals and

clays, although it can be net positive as in the case of sewage sludge. There

are three mechanisms that can cause this charge (Hunter, 1993):

Mechanism 1: In crystalline materials the lattice is defective because of e.g.

Schotky defects and thus a net excess of anions or cations exists at the surface

and, on contact with water, the crystal releases the compensating ions to
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form a double layer. This behaviour is typical of ion-exchange materials such 

as zeolites, clays etc.

Mechanism 2: Some solids may be classified as sparingly soluble ionic 

crystals. When these are dispersed in water they exist in equilibrium w ith a 

concentration of the product ions, the concentration being determined from 

the solubility product. In general the potential, \j/o of this type of solid is:

(23) y , ,= ( J ^ ) ln ( ^ )
vF Co

where:

V = Valency.

F = Faraday's constant.

C = Concentration.

Co = Zero point charge concentration.

Mechanism 3: The adsorption of specific ions from solution can also generate 

a net surface charge. The adsorption can occur via a hydrogen-bonding 

mechanism where large organic molecules are adsorbed.

The colloidal model for a net electronegative particle is shown in Figure 1.3.4, 

after Svarovsky, 1990. The layer of negative charge is surrounded by positive 

charges to give the double layer; the charge extends into the bulk but 

becomes more diffuse and random (a Boltzman distribution is assumed). 

Certain potentials can be identified:

• The shear layer is the plane of slip between the double layer and bulk 

media.
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• The Nernst potential exists between the shear plane and the solid surface.

• The Zeta potential, Ç is between the shear plane and the bulk phase. This 

is especially importance as it can be measured.

s tern
L ayer

B U L K S h e a r
Plane

+ -

N e r n s t . 
Potential

Electric 
Potential 
into Bulk

Z eta  _  
Potential

Figure 1.3.4 The Colloidal Model.

A number of models exist which account for the double layer. The Gouy- 

Chapman model was the first to indicate the way in which the potential, v|/, 

varies with the distance, x, into the bulk. The model is summarised in the 

following equation:

dy/(24)
dx £ kT kT

where:

k = Boltzman constant.

V = Valency of ion with opposite charge to that on the surface, 

n = Bulk concentration of this last ion.

8 = Dielectric constant of the bulk liquid phase.

\\f= Double layer potential at a distance x from the surface.
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e = Electronic charge.

Integration of this equation results in the following simple equation in which 

the double layer potential varies with x:

(25) y/ = y/Q exp(-/oc)

where k  is the Debye- Huckel function:

Here, N is the Avogadro number and I the ionic strength. Thus the potential 

of a charged surface falls away exponentially with increasing distance into 

the bulk phase. The potential is almost zero at a distance x = 3 / k  from the 

surface and then beyond this distance the ions in solution experience no 

effect from the surface charge. Improved versions of this model now exist. 

The thickness of the double layer is seen to be dependant on the ionic 

strength (Shaw, 1991). Consequently, the addition of various electrolytes at 

increasing concentrations compresses the double layer and it becomes very 

small on the addition of high valency salts in appreciable concentrations. 

Therefore, one effect of indifferent electrolytes, where electrolyte ions are not 

absorbed on the surface, to the sol may be to reduce the double layer 

thickness and thus to promote closer approach of particles and consequent 

aggregation.
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Aggregation 

Aggregation rate

The process of aggregation is seen to require a low charge on each particle 

and a collision event. Assuming that electrical repulsion is absent, as a result 

of pre-treatment with electrolyte, then the rate of aggregation depends on 

Brownian motion. In the assumed absence of velocity gradients, induced by 

e.g. stirring, we have the case of perikinetic aggregation or flocculation when 

Brownian motion alone dictates the rate.

According to the theory of Von Smoluchowski (1918) the most rapid 

aggregation will occur when every contact leads to the adherence of one 

particle to another. So the rate of perikinetic aggregation or flocculation is 

given by:

in which n is the number of particles present in a given volume and kp is a 

specific rate constant. Hence on integration:

(28) n = ----
1 + kpU^t

then it follows that:

where ti /2  is the half life, i.e. the time taken for the initial number of particles 

to be reduced to one half. The half life is related to the diffusion constant, D,
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the effective radius of the particles, r, (assumed spherical) and no, the number 

of particles of radius ro initially present:

1
(30) h/2 —^nDrrit

Taking the diffusion constant, from the Stokes- Einstein equation, as:

kT
(31) D =

67tTjrQ

where r\ is the viscosity of the liquid bulk phase, then:

3/7(32) ty2 - AkTriQ

The more highly concentrated the sols, the faster the aggregation. The rate 

constant kp is also given by:

<33.

which demonstrates the effect of the thermal energy kT as reflected in the 

Brownian motion of the particles.

Stirring a dispersion can cause an increase in flocculation rate, orthokinetic 

flocculation. At low energy inputs, collisions of particles are induced through 

the induced velocity gradients; obviously at high shear rates the aggregates 

break up again. If every collision lead to an aggregate then for orthokinetic 

flocculation:

(34) —  = - F r f V
 ̂ dt i

where d is the diameter of the particle and F is the shear rate (s'^).
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As already stated, the practical method of measuring the electrical state of 

the double layer is to measure the zeta potential. When the values of zeta 

approach zero the sols should become unstable and this should lead to 

clarification.

Gelation

As defined earlier, a gel is a semi-rigid mass of a lyophilic sol in which all the 

dispersion medium has been absorbed by the sol particles.

Gelation occurs when a phase with only finite clusters of molecules 

transforms to a phase with an infinitely spanning cluster. Initially the sol 

consists of a large number of very small molecules in a liquid. Gradually, 

pairs of molecules form chemical bonds forming dimers, trimers, etc. and the 

average size of the molecules increases. The molecules can have a complex 

structure, i.e. they can form branches, loops and entanglements. Non-branch 

chain polymers do not contribute to the sol-gel transition. After a time tg, the 

gelation time, a molecule appears that is large enough to span the recipient 

from one side to the other. This single-spanning cluster is called the gel. It 

can be considered infinitely large as the recipient can be considered to have 

infinite size compared to the size of the original monomers. Figure 1.3.5 

shows a schematic representation of the sol-gel transition, after Herrmann 

(1986).
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T i m e
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Figure 1.3.5: A Schematic representation of the sol-gel 

transition, (a) at t=0, (b) for t<tg and (c) for t>tg

In the gel phase, besides the gel molecule, there are still smaller molecules 

present (the sol fraction). These form a liquid that is enclosed inside the holes 

of the gel molecule. So, for example, in the gelatine that comes out of the 

refrigerator only 3% of the mass belongs to the gel molecule and the rest is 

sol and other substances like water, colour or flavour of the gel. These 

neutral substances can be generically called solvent.

Gels can display mechanical properties characteristic of the solid state. These 

mechanical properties of a gel network are defined by three factors:

1. Spatial distribution of the particles.

2. Strength of interaction between particles.

3. Structure of the particles themselves.

Kruyt (1963) defined two fundamental conditions that must be fulfilled in 

order for a gel to be formed:

1. A solid substance must separate from the solution in a finely 

dispersed 'colloidal' state.
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2. Separated solid particles should neither be deposited by gravity 

nor remain in a colloidal suspension as freely moving kinetic 

units. They must, however, join together to form a continuous 

coherent framework throughout the mass of the solution.

For any system capable of gel formation a limit of dilution exists where gel 

formation becomes impossible. At such conditions flocculation is observed 

instead and a coherent framework can no longer be formed. There is, 

however, no sharp limit between actual gel formation and localised 

gelling/ flocculation.

Ageing

A common phenomenon in precipitate ageing is a gradual transformation of 

an initially precipitated metastable phase (e.g. an amorphous precipitate, a 

polymorph of the final material, a hydrated species or some system- 

contaminated substance) to a final product crystalline modification.

Sohnel and Garside , 1992, cite the example of SrS0 4 , where 30 minutes after 

the initial precipitation of an amorphous aggregate of about 0.02 pm in size, 

it had transformed to crystalline particles of 4.5 pm. Other systems having 

displayed similar behaviour include BaS04, BaCOs, the change of amorphous 

CaCOs gel to crystalline calcite and the conversion of precipitated 

amorphous Al(OH)3 in contact with the mother liquor, first to 

pseudoboehmite and later to hydrargilite or bayerite depending on the pH. It 

is possible for a variety of metastable phases to appear as shown in Table 1.2.
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Polymorphic structures are possible due to the alternative ways in which 

molecules/ions can pack in a crystal to minimise their free energy. The 

different packing can be driven by intermolecular interactions (enthalpy) or 

by order/disorder considerations (entropy).

It is possible to prepare metastable crystalline solids by rapid crystallisation 

in a monotropic system, where the relative stabilities of the phases are 

independent of temperature. Alternatively this can be achieved by 

temperature change in an enantiomorphic system, where the relative 

stabilities of the polymorphs are temperature dependent.

TYPE DESCRIPTION

Polymorphs Chemical compounds which can exist in multiple crystal 

structures.

Solvates
Crystals with solvent molecules in well-defined lattice positions 

(due to solvent molecules carried into the solid phase by the 

crystallising solute).

Compounds The precipitated solid depends upon the composition of the 

system in multicomponent systems.

Amorphous solids Formed particularly in ionic systems, the term amorphous 

relates to an X-ray diffractogram showing no diffraction peaks 

& thus no structural periodicity.

Gels
Produced by colloidal interactions between smaU particles in 

suspension or from a chemical reaction producing high- 

viscosity polynuclear species.

Table 1.2 Different types of metastable forms
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In some cases the metastable phase dissolves in the liquid phase with which 

the solid is in contact, providing solute for nucléation and growth of a more 

stable modification and this is known as solution-mediated transformation, the 

kinetics of this type are discussed later. In other cases, the change in 

modification is thought to take place in the crystal phase, by a solid-state 

transformation, as it is not accompanied by morphological changes in the 

crystal, e.g. in the transformation of vaterite to calcite, the spherical shape of 

the vaterite is preserved.

Most processes taking place during ageing are accompanied by a decrease in 

the specific surface area of the precipitate, by a growth of the average particle 

size, by a reduction in the number of crystals and by a decrease in the 

precipitate volume. The rate of these changes is dependent upon the 

concentration of the solutions being precipitated, the solution ionic strength, 

the rate of agitation during the ageing process, the temperature and the 

presence of active admixtures.

4. ZEOLITE SYNTHESIS

The first synthesis of natural zeolite reliably characterised by chemical, 

optical and XRD analysis was carried out by Prof. R.M.Barrer et al. around 

1940 (Barrer, 1982). Others had claimed to have synthesised before this 

without offering a complete characterisation to back up their claims. The first 

completely characterised synthetic zeolite, not found in nature, was of zeolite
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A at the Union Carbide laboratories in about 1956 in a report by Milton, 

Breck et al. (work began in 1949).

Zeolites are normally crystallised from aqueous alkaline gels containing 

sources of silica, alumina and cations. Crystallisation may take hours or 

weeks and is usually undertaken in the temperature range of about 60-200 

°C, under autogeneous pressure. The nature of the product is controlled by 

kinetic factors and small changes in the conditions can alter synthesis results, 

e.g. variation of the inorganic base can result in a completely different range 

of products.

Control of the SiOiiAbOs ratio in the gel qualifies the final framework 

composition of the products and usually all the A1 available is taken into the 

zeolite final composition (a notable exception to this is zeolite A). 

Manipulation of other parameters to create different zeolites is a complex 

problem not yet fully understood, factors include:

Synthesis Components

Most lab syntheses use metal aluminates in the reaction mixture, commonly 

sodium aluminate. Major silicon sources are soluble silicates and their 

hydrates (e.g. sodium metasilicate pentahydrate). The optimal range for 

synthesis is pH 11 to 13, although some variation outside this range occurs 

with zeolite species; alkali metals and alkali-earth Hydroxides are preferred 

cation sources, especially in industrial production.
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Zhdanov (1971) showed variations in concentrations and correlation for gel 

liquid phase according to the sources of silicates/aluminates used. Table 1.3 

shows the difference in liquid phase compositions in gels formed from 

silicate solutions and sols for two different initial compositions. Chemical 

structure differences between gels based on silicate solution and silica sol 

could therefore affect their behaviour during crystallisation as well as the 

products formed.

Origin of Gel 

Samples

Concentrations in the Gel Liquid Phase (mol/1)

NazO KzO AI2O3 SiOz SiOVAlzOs

Silicate Solution 1 0.72 0.21 0.018 2.12 120

Soil 0.86 0.25 0.020 0.05 2.6

Silicate Solution 2 1.42 - 0.061 2.42 40

Sol 2 1.73 - 0.034 0.04 1.2

Table 1.3: Effect of reagent source on gel liquid phase 

composition (after Zhdanov, 1971).

Reaction Variables

A temperature of 90-100 °C and high water activity is conducive to formation 

of zeolites of high porosity, e.g. zeolites A and X. Almost 50% of the 

framework of both zeolites A and X is available as void volume on removal 

of the synthesis or zeolitic waters. Denser zeolites of lower water content are
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prepared up to 350 °C and high pressures, e.g. analcime. As a result 

temperature can alter the zeolite phase obtained and it is also seen to affect 

the induction period before crystallisation.

The time element is important in two ways:

A) An induction period during which the reaction mixture is held near 

ambient prior to raising to the crystallisation temperature often 

optimises yields (as in X and Y synthesis).

B) Often different zeolites crystallise from one reaction mixture at 

different times because all zeolites are metastable species. In nature 

diagenic species are common where open zeolite structures (e.g. 

phillipsite) convert over a geological time span to less open 

structures (e.g. clinoptilolite) and then to analcime, the most stable 

and dense of common zeolites. This accords with Ostwald's law of 

successive transformations which states that an unstable system 

does not necessarily transform into the most stable state, but into 

one which most closely resembles its own and is accompanied by 

the smallest loss of free energy (Ostwald, 1896, 1897). On a 

laboratory/ plant scale, crystallisation times are important to 

production of A, X and Y which are metastable to NaP (Barrer, 

1982). As a result, industrially, reaction mixtures are quenched at 

optimal crystallisation times.

The hydroxide concentration is thought to have a number of effects on a 

zeolite synthesis (Szostak, 1989 and Barrer, 1982):
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■ Influences the type of metastable species to appear from solution 

and consequently the phase purity.

■ Modifies nucléation and enhances crystal growth rates by affecting 

ionic transport.

The total hydroxide content of a crystallisation mixture includes the number 

of moles added as NaOH, plus the sodium silicate (defined as NaOH + Si02 ) 

and the sodium aluminate (NaOH + AI2O3).

Studies have shown the pH to increase markedly upon crystallisation (Casci 

and Lowe, 1983). This rise was attributed to the incorporation of Si02 units 

into the zeolite framework. Incorporation of aluminium did not appear to 

affect the ratio. Consequently, pH monitoring was proposed as a convenient 

method for monitoring the crystallisation of silica-rich zeolite systems.

Sand et al. (1987) investigated the effects of a suspending agent 

(Triethanolamine, TEA) on zeolite A crystallisation. TEA addition was found 

to almost double the average crystal size, decrease crystallisation rate and 

affect crystal morphology. Results were assigned to TEA increasing system 

viscosity so inhibiting settling - hypothesised to cause secondary nucléation 

as well as removing settled crystals out of the nutrient pool. The presence of 

the gel phase, however, would result in high viscosities anyway, so the 

effects seen were possibly due to other factors. The authors also reported, 

however, that increasing TEA concentration increased both average and 

maximum crystal sizes up to a point, subsequent additions lowered the 

average and maximum sizes. It was hypothesised that low TEA
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concentrations suspend growing crystals in the nutrient medium, which 

consume solution aluminosilicate material, so reducing the nucléation rate by 

keeping the solution concentration below the nucléation threshold. At higher 

TEA concentrations the viscosity levels inhibit nutrient transport by 

diffusion. The data, it was concluded, suggested fluid shear (perhaps 

induced by particle settling) plays a role in both the size of the crystals and 

their final size distribution.

Harvey and Classer (1989) reported a link between gelling times of 

aluminosilicate solutions and the resulting zeolite structure produced; the 

fastest gelling solutions generally produced zeolites with the most open 

frameworks. Factors found to influence gelation of the solutions included: 

composition, cations present and the silicate species existing at the beginning 

of the reaction, i.e. the mixing sequence.

Freund (1976) found that increased stirring during crystallisation had 3 

significant effects: a modification of the kinetic curve; increased overall 

crystallisation rates decreased maximum extent of reaction as well as a 

different final product being crystallised, compared to those at lower speeds. 

To avoid unwanted zeolitic and non-zeolitic phase formation, correct 

combination of all the above variables is critical. Changes in gel preparation 

conditions, e.g. use of silica sols instead of silicates, agitation during gel 

ageing etc., can lead to unexpected results.
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Role of Gel Ageing

An exact definition of gel ageing has not been agreed upon in the literature. 

It seems generally accepted, however, that the term refers to the standing of 

the unagitated reaction mixture at room temperature for a specified length of 

time, varying from a few hours to many days. The influence of gel ageing on 

the kinetics of crystallisation can generally be explained by the increase in the 

number of nuclei formed in the gel phase an d / or in the liquid phase during 

ageing.

Katovic et al. (1989) found ageing zeolite synthesis gels at room temperature, 

for between 1 to 10 days, shortened induction times as well as affecting the 

final product type. Initially zeolite X was produced, thereafter zeolite Na-Pc 

co-crystallised with zeolite X, and, after the maximal yield of zeolite X had 

been attained, its fraction decreased due to spontaneous transformation to 

zeolite Na-Pc. The maximal yield of zeolite X was found to increase with 

increased gel ageing.

The effect of ageing on the type of zeolite crystallised is probably due to the 

formation of thermally unstable phases at the low ageing temperature, which 

transform to a different species upon heating. Solubility analysis of each 

phase over a range of temperatures is required, however, to substantiate this 

and to investigate the possibility of direct zeolite crystallisation, i.e. without 

any amorphous phase formation.

The induction times seen during zeolite crystallisation and the role of gel 

ageing can not solely be a result of nuclei production. This would imply that
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sufficiently long gel ageing periods would eliminate the induction time on 

subsequent heating to crystallisation temperature and this has not be 

observed in the literature to date.

Sand et al. (1987) synthesised zeolite A from gels which had been aged for 

30-45 days before heating up to reaction temperature and compared the 

results with a gel reacted immediately after formation. Crystals formed from 

aged gels were found to exhibit a significant amount of twinning and 

malgrowth compared to crystals from the unaged gel. In the same article, a 

separate experiment was conducted where a solution was made up and left 

in a glass vial to determine if solution separation (due to gel settling) 

occurred and resulted in malgrowth. For the first 27 days the gel remained 

suspended in the vial. On the 28th day, it was observed that the entire white 

solids content had settled to the bottom and formed a loose cake about 1 cm in 

height. On XRD analysis the sample was found to contain zeolite A of 70-80% 

purity, of average crystal size about 2 pm (size range 1-4 pm), although some 

amorphous material was still present. This is significant in that it proves that 

zeolite A forms even at room temperature, albeit slowly. The article does not 

indicate, however, the number of times this experiment was carried out or its 

reproducibility. If accurate, the result could give some useful clues towards 

understanding zeolite A kinetics.
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Crystallisation Kinetics

There is a general lack of understanding of zeolite synthesis kinetics, 

particularly the nucléation step. Hu and Lee (1990) state that nucléation 

occurs in the solid phase of the gel, whereas Henisch (1970) showed 

nucléation is inhibited by the presence of gel phase. Gundy et al. (1990) 

suggest that two nucléation processes occur- the first in the initial creation of 

nuclei from the sol and the second related to the growing population of 

macroscopic crystals. Katovic et al. (1989) and Angell & Flank (1977) also 

believe two species to be involved in the nucléation phase, whereas most 

others believe there to be only one.

It is possible, however, to separate the various zeolite formation mechanisms 

into two broad categories:

1. The Solution transport mechanism

This postulates nucléation from the polymerisation of active aluminosilicate 

species in the supersaturated solution. Dissolution of amorphous 

aluminosilicate gel continuously supplies complex ions to form the basic 

building blocks of the zeolite structure. (Zhdanov, 1971; Culfaz and Sand, 

1973; Barrer, 1982; Roozeboom, 1983; Dutta and Shieh, 1986; Gundy et al., 

1990). The expected basic building blocks, however, have yet to be identified 

in the solution phase, details of this postulated mechanism are discussed 

further in the experimental results section below. Davey et al. (1986) discuss 

the typical kinetics of such a phase transformation.
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2. The Solid phase transformation mechanism

This supposes that the amorphous gel molecules become oriented into the 

ordered structure via a combination of molecular rotating/ sliding and 

surface diffusion. Breck (1974) found the zeolite crystallinity of isolated, 

dried zeolite gel solids to increase in zeolite crystallinity from an initial 2% to 

20% after 47 days and pointed to a solid phase transformation. A mechanism 

involving a reordering of the hydrogel to an ordered crystalline state via 

surface diffusion in the absence of the liquid phase transformation has also 

been hypothesised (McNicol et al. (1972), (1973); Cichock, (1973)). The 

phosphorescence and Raman spectroscopic evidence provided, however, has 

been suggested to be ambiguous as it could be interpreted to support either 

mechanistic hypothesis.

Crone, Franklin & Graham (1995) recently showed apparent solid-state 

chemical reactions occurring in the synthesis of layered alkali-metal silicates. 

Varying ratios of ground Sodium Metasilicates and Silica powders were 

mixed, heated to 50-900 °C for up to 18 hours before cooling to room 

temperature, crushing and dispersing in cold water. The resulting slurries 

were allowed to dry at room temperature. Sodium Kanemite, Magadite and 

Octosilicate were all synthesized as pure phases at different conditions. A 

solid-state rearrangement was postulated but the possibility of mass transfer 

occurring on rehydration was acknowledged. Characterisation of the solid 

phase present prior to the rehydration step, however, is required to assess 

the mechanism properly.
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Derouane et al. (1981) and Gabelica et al. (1983) suggested both mechanisms 

are important depending on the SiOi source and the gel formulation. The 

liquid component analysis of gels, made up from different sources, by 

Zhdanov (1971) as discussed earlier adds weight to this argument.

Zeolite crystallisation has also been reported from so-called single-solution 

phase systems containing no secondary solid-gel phase for zeolite NaA 

(Wenqin et al., 1986), faujasite (Kasahara et al, 1986), mordenites (Ueda et al., 

1984) and analcime (Ueda and Koizumi, 1979). It has to be noted, however, 

that in all of these syntheses an initial gel phase was indeed observed to 

precipitate but was found to dissolve completely before any subsequent 

zeolite crystals were formed. Consequently, although there was a long period 

between dissolution of gel phase and subsequent zeolite crystallisation, this 

can not in essence be accepted as true crystallisation from clear solution since 

a gel phase was precipitated first. This must therefore be considered as a 

form of delayed solution mediated phase transformation. The work of 

Schoeman et al (1993, 1994i, 1994Ü) on synthesis from clear solutions was 

based on the results of the above workers and so also involved initial 

amorphous precipitation, although they did not state this explicitly. The 

syntheses used TEA and very high Si/A l ratios, which are not typical 

manufacturing conditions.

Totally convincing evidence, however, has not been presented for any 

particular mechanism as yet.
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Previous Experimental Results

Hu and Lee (1990) found nucléation and conversion rates to decrease with 

increased synthesis reagent dilutions. Higher NazO concentration promoted 

nucléation and crystallisation rates, whereas a concentration change in Si0 2  

and AI2O3 was found to have negligible or slight effects respectively. Meise 

and Schwochow (1973) had observed similar results and also put the relative 

importance of the different reagent ratios in the order of:

HiO/NaiO  >N a20/S i02> S i02/A b03

Hu and Lee concluded this was due to the ratio of H 20/N a20 determining 

the concentration limits of the gel, with the other two ratios constant, hence 

making it the most important factor besides temperature. Meise and 

Schwochow, however, concluded the relative importance of the ratios was 

due to the alkalinity variation rather than the overall concentration changes. 

Hu and Lee also observed the fraction of solution to increase progressively 

with crystallinity of the solid phase during crystallisation, implying solution 

must be released from the gel mixture during crystallisation. Decreasing 

temperature effected a drastic decrease in both the nucléation and 

crystallisation rate. From their experiments Hu and Lee promulgated the 

following mechanism for the synthesis of zeolite A:

1. Mixing sodium silicate and sodium aluminate immediately produces 

amorphous gel and supersaturated solution, probably in equilibrium 

with each other.
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2. The silicates and aluminates arrange around Na+ due to ionic forces. 

This point on they term as the ageing or nucléation period until the 

crystal phase emerges from solution,

3. It is speculated that the nutrients for nucléation are supplied by the 

saturated solution furnished by the gel dissolution.

4. Dissolution rate is postulated to be faster than nucléation rate, so 

ensuring that the equilibrium between the supersaturated solution 

and the amorphous gel is always established.

5. Eventually, the regular form of the aluminate tetrahedron 

surrounded by four silicon tetrahedrons and vice versa appears, and 

this is assumed to be the form of the nucleus. ^̂ Si NMR spectra at this 

point indicated a certain disordering around the Si atoms of the SiOz 

tetrahedra in the gel skeleton, where the atoms could have been 

loosely or weakly bonded.

6. Nucléation terminates, according to Hu and Lee, to as soon as any 

significant crystal growth starts. The gel now gradually disappears as 

the size as well as the number of crystals increase.

The rate-determining step in nucléation was thought to lie in the transition 

zone kinetics and mass transfer. During crystal growth, interfacial mass 

transfer from the solution to crystal surfaces was suspected of being the 

controlling step.

An apparent contradiction exists in this mechanism, however, as the 

proposers suggest all nucléation terminates upon significant crystal growth.
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before stating crystal numbers still increase after this period. This could 

explain the problems in the subsequent model based on this mechanism.

Nature of the Gel Phase

Energetically, the decrease in the structural stability of the solid gel particles, 

forcing them to enter the liquid phase, is unexplained. The sudden increase 

in crystallisation rates following the induction period is also unaccounted for. 

Zhdanov (1971) suggested that there may be in existence an equilibrium, 

similar to that of dissociation or solubility, between the different phases in a 

gel as shown below:

 >A m o r p h o u s  A l u m i n a s i l i c a t e  ^
( S o l i d  P h a s e )

A l u m i n a t e  i o n s  +  S i l i c a t e  i o n s  
( S o l u t i o n )

A l u m i n a s i l i c a t e  i o n s  
( S o l u t i o n )

This would certainly explain the dissolution of the gel phase if its substance 

could be proved.

Zhdanov (1971) found the Si/Al ratio in the solid phase of aluminasilica gels 

always exceeds 1, whereas the N a/ A1 ratio is close to 1, i.e. these 

relationships in the amorphous gel skeleton are the same as those in the 

crystal lattice of zeolites. Consequently, the (Si, Al, 0)-framework of 

aluminasilica gels may be similar to that of zeolites, at least for the simplest 

structural elements forming the network. The gel skeleton was thought to 

consist of more complicated structural elements such as the single and 

double 4- and 6-membered rings and their combinations; no direct evidence 

was provided though. Upon heating up of gels from 20 to 90 °C, a significant
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increase in the concentrations of all components in the liquid phase of the 

gels, was reported, possibly due to an increased solubility of the 

aluminosilicate skeleton with increasing temperature. Consequently, 

increases in concentration of the silicate and aluminate ions in the liquid 

phase precede the beginning of gel crystallisation, Zhdanov concluded that 

the nature and composition of zeolite crystals are determined directly by the 

composition of the liquid phase. No additional references to the composition 

of the liquid phase during transformation have been found.

Breck and Flannigen (1964) showed that the induction period decreases with 

increasing temperature and alkali concentration, whilst Domine and Quobex 

(1968) also found that it was affected by the nature of the initial 

aluminosilicate materials utilised in the synthesis. Zhdanov (1971) suggested 

that these facts indicated that the induction period may be associated with 

the dissolution of components of the solid phase in the gel preceding 

crystallisation. For gels prepared from colloidal aqueous silica and alkaline 

aluminate solutions, the dissolving of the SiOz colloid particles of gel 

skeleton in the alkaline solution precedes the beginning of crystallisation. 

Zhdanov argues, if in the course of heating up gels to a definite temperature 

the concentrations of the liquid phase components reach values facilitating 

nuclei formation and growth, then crystallisation can start immediately 

without any induction period, which may then be considered as the time to 

reach that temperature.
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Zhdanov put down the very large increase in crystallisation rate following 

the induction period, as due to a large increase in the nucléation rate. He 

explained this by postulating that the aluminosilicate blocks formed in the 

liquid phase, and also similar blocks with ordered structure occurring in the 

gel skeleton could be crystal nuclei. Thus the number of such blocks passing 

into solution and coming out at the surface of gel particles per unit time must 

increase with increasing dissolution rate of the gel skeleton during the 

autocatalytic stage of crystallisation.

Values obtained for the activation energies for the whole crystallisation 

process for zeolites A, X and Y were found by Breck and Flannigen (1968) to 

be 11,14 and 15 kcal/mole respectively. Zhdanov (1971) obtained a value of 

10.5 kcal/m ole for zeolite A crystal growth. He argued that the small 

difference in the values of the whole zeolite crystallisation process compared 

to crystal growth alone suggests that in this system the rate of crystal growth 

rather than the rate of nucléation or dissolution or diffusion limits the rate of 

crystallisation at the crystallisation temperature.

Excess alkali has been found to catalyse the crystallisation. An increase in 

alkali concentration in aluminasilica gels and aluminosilicate mixtures 

usually leads to decreases in both crystallisation duration and crystal size 

(Sand, 1968). This was explained by growth of the nucléation rate with 

increasing alkali concentration. The temperature of zeolite crystallisation can 

be significantly reduced either by increase in alkalinity of the heterogeneous
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aluminosilicate mixtures or by the use of more readily soluble initial 

materials.

Breck and Flannigen (1968) observed the acceleration of zeolite A 

crystallisation by the addition of seeds in aluminosilica gels, but found no 

significant increase in crystal size.

Experiments by Zhdanov et al. (1965) on the substitution of the liquid phase 

in aluminasilica gels showed that the crystallisation could not merely be held 

as the transformation of the solid phase without participation from the liquid 

or transport of components of the solid phase into solution during 

crystallisation. They suggested the following mechanism for the zeolite 

crystallisation:

1. Nuclei of zeolite crystals begin to form in the liquid phase of gels or 

at the interface of gel phases.

2. The growth of crystal nuclei proceeds at the expense of 

aluminosilicate hydrated anions, representing different combinations of 

silica and alumina tetrahedra, occurring in the solution. These units can 

be the structural blocks of the growing crystals; their compositions and 

structures are given by the composition of the liquid phases.

3. The growth of the crystals leads to the dissolution of the solid phase 

throughout the period of crystallisation, as the solid and liquid phases 

of the aluminosilica gels are connected by the solubility equilibrium 

(heating causes the equilibrium to move to the liquid side).
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Davey and Richards (1985) investigated the transformation of an Azo 

disperse dye from initially precipitated 1 pm platelets to 30 pm long needles. 

Differential Scanning Calorimetry (DSC) of dry samples showed 

transformation to occur at 134.4 °C, whereas wet samples transformed at 50 

°C lower. Solubility determinations of the two phases showed the solubility 

of the initial metastable phase to rise sharply (by eight folds) between 30 to 

70 °C. The transformed phase solubility remained approximately constant. 

Optical microscopy evidence given for a solution-mediated transformation, 

however, appeared inconclusive. All transformations were shown to occur at 

sites of agglomerates of the metastable phase. No new crystals appeared 

directly out of the solution.

Sohnel and Garside (1992), within an outline developed by Cardew and 

Davey (1985), proposed consideration of systems forming a metastable (1) 

and stable (2) phase, the former being more soluble than the latter. They 

described a mechanism for these processes similar to that of Zhdanov. As 

before, however, experimental evidence seems to be patchy.

Sohnel and Garside (1992) suggest that a description of the processes in the 

above mechanism should be based on equations expressing the rate of 

dissolution of phase 1 at driving force (W i,e q  -  W )  and growth of phase 2 with 

driving force ( W  -  W z e q ) :

1/3
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(36) =
M2

Moj 2 /3

The time development of solute concentration in the aqueous phase during 

the transition is obtained from the mass balance:

(37) =

and so the extent of reaction can now be defined as:

(38) a  = Gj /  [(G,M 2  /  M J  + G2 ]

where:

kd = Rate constant for dissolution, 

kg = Rate constant for growth.

M l, M2 = Molecular weights of phase 1 and phase 2.

Mo= Molecular weight of an intermediate anhydrous phase during 

transformation from 1 to 2.

V = Volume of liquid initially containing (Gi,i + G24) of solid phase.

Wo = Initial solute concentration in the liquid, 

a  = Extent of reaction.

Gi, G2 = Weights of phases 1 and 2 present in the solid of total weight 

(Gi + G2)

The two phases are regarded, in writing the equations, as two separate 

chemical species of different molecular weights. These equations may be 

reformulated in terms of crystal size or linear crystal growth rate.
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Simulation results emphasised the importance of following not only the solid 

phase composition but also the solution composition, as the form of the latter 

allowed identification of the controlling mechanism. In a large num ber of 

zeolite analyses, stress was only put on the solid phase, this could be partly 

due to the complexities of following the liquid phase in zeolite syntheses.

5. MICROSCOPIC PARTICLE ANALYSIS 

Introduction

In crystallisation, certain events occur where only a visual observation can 

elucidate e.g. phase or morphology changes. Additionally, observation can 

also be used for quantitative analysis of e.g. crystal size distribution and 

crystal growth rates, which can be performed manually or electronically. 

Zeolite phase transformation events occur on the microscopic scale requiring 

the highest possible image resolutions to view them, whilst demanding the 

use of quite severe conditions to effect the transformation. Optical 

microscopy alone is insufficient for this purpose and so requires the use of 

powerful electronic image enhancement techniques. The latter are made 

redundant, however, without a best possible initial image from the 

microscope. A detailed understanding of both areas is therefore required.

The significant stages required in the process of in-situ observation of crystal 

phase transformations are image:

1. Formation.
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2. Acquisition.

3. Processing.

4. Analysis.

5. Storage.

1. Image Formation

Optical microscopes provide the flexibility to analyse live dynamic sequences 

whilst avoiding any external effects due to sample preparation as in electron 

microscopy. The different optical microscopic techniques available include 

brightfield, darkfield, Nomarski Differential Interference Contrast, phase 

contrast, polarised light, fluorescence, transmitted and reflected light. Slayter

(1992) gives a detailed discussion of these. The choice of method is 

dependent upon the physical characteristics of the crystal phases.

The objective lens is the single most important component of the microscope, 

serving to:

1. Collect light from the specimen and form a primary image, as 

free from aberrations as possible.

2. Provide the resolution needed to see fine detail.

3. Provide the greater part of the magnification in the image.

Microscope objectives are usually classified on the basis of their optical 

corrections, especially for chromatic and spherical aberrations. Spherical 

aberration is a defect of lens systems in which the peripheral rays are 

brought to focus nearer the lens than the axial rays. Chromatic aberration
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refers to light of different wavelengths being brought to focus at different 

points along the optic axis (axial) or to the same point but where the images 

formed are of different sizes (lateral).

The different categories of objectives can be classed into:

1. Achromats

2. Fluorite or semi-apochromats

3. Apochromats

All of these tend to suffer from curvature of field, where the image falls on 

the surface of a sphere rather than a plane, Bradbury (1994). This can be a 

major problem especially in photomicrography. Ideal objectives are specially 

computed for flatness of field e.g. plan-achromats, plan-fluorites, plan- 

apochromats.

Achromats are corrected for primary axial chromatic aberration (i.e. the red 

and blue rays are brought to a common axial focal point) leaving a residual 

green colour fringe apparent around higher contrast objects at a certain focal 

plane. These give acceptable results using green monochromatic light for 

black and white photography. They are cheap and so widely used.

Fluorite objectives reduce residual colour considerably, so are made with 

their Numerical Aperture (N.A.) greatly increased compared to 

corresponding achromats. This produces brighter images w ith higher 

contrast in these types of objectives.

The N.A. is a numerical measure of the light gathering power of an objective 

or condenser and is defined by:
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(39) N.A. = nsina

where n is the refractive index of the medium between the objective front 

lens and the specimen, whilst a  is the half angle of the cone of rays entering 

the lens. From the N.A. it is possible to determine mathematically the 

smallest detail a given system can separate, the light gathering power 

(intensity) and depth of field of the lens, Oldfield (1994). The image 

resolution achieved, R, therefore increases proportionally w ith the Numerical 

Aperture, at the expense of contrast, and can be calculated using the Abbé 

formula:

(40) R = o .s m .A .

where X is the wavelength of light. This suggests the maximum resolution of

0.2 pm for the light microscope, X=500nm, but this can be improved upon as 

discussed later. The N.A. value for the condenser must match that for the 

objective to ensure optimum results, since the effective N.A. is the average of 

that of the condenser and the objective. Moreover, a higher N.A. for the 

condenser compared to the objective is also undesirable as it reduces contrast 

by stray light, not actually required for image formation, producing glare. 

The relative intensity of the image. I, can be found using:

(41)

where M is the magnification of the system. The depth of field, height of 

specimen in focus, varies from about 0.5 pm for a 1.3 N.A. lens to around 10 

m m for a 0.25 N.A. (Oldfield, 1994).
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Apochromatic objectives are lenses in which chromatic aberration is almost 

completely removed, as the red, blue and green are all brought to a common 

focus, thus providing images with the best possible resolution and contrast, 

making them ideal for colour photography. This type is difficult to use, 

however, due to shorter working distances, possessing much more curvature 

of field than a corresponding achromat.

Most objectives are computed for use with coverslips of 0.17 mm thickness 

and it is assumed that the specimen is in close contact with the under-surface 

of the coverslip. If this is not the case an d /o r the coverslip is of variable 

thickness, with a variable depth of mounting medium, spherical aberration 

results. An inverted microscope is therefore preferable for in-situ observation 

of crystals that have a tendency to sediment, easy access to the sample being 

an added advantage.

Use of immersion objectives (water, glycerol or oil) significantly increases the 

N.A. Image resolution obtained increases with the N.A. value and is usually 

more important than merely dry magnification. Spherical aberrations due to 

incorrect coverslip thickness can be avoided by using an immersion oil with 

the same refractive thickness as that of glass, moreover enhancing image 

contrast.

Objectives intended for use with transmitted light are always corrected for 

use with a coverslip. Reflected light objectives are computed for work on 

uncovered objects, with image degradation occurring in the presence of a
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coverslip. Reflected light methods are thus only suitable for observation of 

edge and surface details of uncovered crystals.

The critical component in wet optical microscopy is often the observation 

chamber/cell, as it can dictate the lens and set-up requirements of the 

microscope. It should preferably be capable of being heated/cooled, be 

sealable once loaded with reagents and, importantly, allow for clear focusing 

of the crystals by the microscope.

Davey and Mullin (1974) used a cell for making layer growth observations by 

reflection microscopy. The arrangement consisted of a central portion (20 

mm in diameter and 4 mm deep) in which the crystals were grown, enclosed 

in a water jacket to control the cell temperature. Solution was circulated 

through the cell under controlled conditions of temperature, supersaturation, 

flow rate and purity. The solution velocity across the central portion of the 

cell was variable between 1 to 20 m m / s. Although this arrangement was 

appropriate for making layer growth observations, it would not be so for 

zeolite synthesis observations for the following reasons:

• The aluminium construction would dissolve under hot caustic zeolite 

synthesis conditions.

• The cell depth would prohibit accurate optical focussing on transmission 

light microscopes at the high magnifications and resolutions required for 

the size of particles under investigation.

• Gel phase formation would result in blockage of the sample injection 

tubes.
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• A completely sealed, bubble-free charge required for batch synthesis 

observations would be difficult to achieve.

All these problems would need to be solved for any cell developed to 

observe zeolite syntheses.

2. Image Acquisition

This is the electronic sampling of video signals. Once the image is formed, it 

can be acquired via some type of camera. There are a wide variety of cameras 

available offering a range of resolutions and working conditions, as well as 

being either analogue or digital. Typical spatial resolutions of a digitised 

frame are 640 pixels by 480 lines, 768 by 576, 1024 by 1024, up to a current 

maximum of 4096 by 4096.

Brightness resolution is the accuracy with which a particular digital pixel 

value represents the brightness or colour of the corresponding location of the 

original video signal, or the number of grey levels used, Shotton (1993). In a 

monochrome signal, it is the actual number of shades of grey, which can be 

represented; in a colour signal the number of grey levels is the number of 

different colours that can be represented. Brightness resolution is determined 

by the resolution of the A /D  converter/s that perform the image acquisition. 

An 8-bit A /D  converter is said to have an 8-bit greyscale, and divides the 

total signal voltage range, or the intensity spectrum from total black to total 

white, into 256 values (2^=256), sometimes called 256 shades of grey. The 

spatial and brightness resolution of a frame grabber are sometimes specified 

jointly, as e.g. 640*480*8 bit.
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The ratio of the horizontal dimension of the image to the vertical dimension 

is termed its aspect ratio. Image processing is also concerned with the aspect 

ratio of each pixel, or each element of the image. Aspect ratios become 

important in certain processing operations, e.g. counting the number of 

pixels to determine the area of a region or in group operations like 

convolution (see processing section) where a region of the image is being 

processed. These operations require compensation for pixels whose aspect 

ratio is not 1:1.

Electronic amplification of the minute contrast variations created by sub

resolution phase objects can be used to make these become visible. This is 

usually followed by real-time digital subtraction of a pre-recorded 

background image in order to enhance the signal-to-noise ratio (SNR) by 

removing various unwanted imperfections in the optical image ("mottle"), 

which otherwise degrades the image to a significant extent at the contrast 

levels achieved after amplification. Cherry (1991).

Major gains in image contrast permit objects with dimensions an order of 

magnitude smaller than the resolution limit of the visible light microscope to 

be clearly seen, Innoué (1989). This demands the use of expensive electronic 

components able to manipulate analogue signals. Similar contrast 

manipulations may be achieved digitally, and may be of particular value if 

images acquired from sources other than conventional video cameras. 

Inaccuracies are introduced, however, by digital contrast enhancement of a 

low-contrast analogue image that can only fill a few of the 256 available grey
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levels upon digitisation. Step discontinuities result when the limited digital 

data set is expanded to fill the entire dynamic range. It is therefore preferable 

for the analogue contrast to be optimised prior to digitisation, although 

acceptable results can be obtained through digital enhancements.

The optimised video signal is then passed to a digital image processor, where 

the analogue video signal (unless a digital camera is used) is sampled and 

converted into a series of 8-bit integer numbers. Each represents one of 256 

possible grey levels from 0 (black) to 255 (white) for that particular picture 

element (pixel). For accurate high-resolution wide-field electronic image 

capture, the limiting spatial resolution of the electronic imaging system must 

be made twice that of the optical image falling upon it. This may be achieved 

by magnifying the optical image falling on the video camera faceplate to 

such an extent that even the low absolute resolution of the video system 

oversamples the highest resolution information in the optical image. Thus if 

the magnification of the optical interface between the microscope's primary 

image plane and the camera target, the optical transfer factor, is made 

sufficiently large, the optical image from even a high numerical aperture 

objective will be sufficiently oversampled by the video camera. The resulting 

image will then remain diffraction limited.

The instantaneous analogue voltage values of the video signal [varying from 

+0.3 volt (black) to +1.0 volt (white)] correspond temporally to the Cartesian 

locations of particular pixels, and upon digitisation each value is normally 

encoded as a single 8-bit byte of data. Each of the integer values possible for
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each byte specifies one of 256 possible intensity levels for the pixel; 

successive grey levels thus correspond to an analogue signal of 2.73 

millivolts. To reduce digital storage requirements, the x, y co-ordinates are 

not specifically encoded. Since the pixels are recorded sequentially, these 

may be determined at any time by incremental counting along the raster 

from the first pixel, obeying the x and y dimensions of the image which are 

encoded with the image pixel intensity data as part of the image file, Shotton

(1993).

Many ISA bus frame grabbers contain circuitry which converts the digital 

pixel data back into an RS-170 or CCIR-compatible signal for display. This 

allows viewing of the stored or processed image in real time, to check 

processing or acquisition on a separate analogue monitor called the image 

monitor.

PCI bus frame grabbers, however, do not need onboard display circuitry. The 

PCI bus is fast enough to transfer image data to the system graphics card for 

real-time display. This negates the requirement for separate, expensive, RGB 

image monitors, but demands the use of large screen displays to view the 

live image and all the large number of software windows and icons 

simultaneously.

3. Image Processing

Digital image processors normally come with a wide variety of image 

processing software algorithms for data acquisition and digital image
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processing. Image processing is a general term  applied to a range of 

operations that alter frame data to extract more meaningful information.

En route to and from the image memory, the digitised video signal passes 

through a high-speed 256-element RAM serving as an input look-up-table 

(LUT), which can be used in real time to alter the intensity values of the data. 

The integer grey level of each incoming pixel is used as an address specifying 

one of the 256 elements in the LUT. The memory content of that element, a 

variable between 0 and 255 previously loaded into the LUT from the host 

computer, supplants the input value so becoming the pixel output grey level. 

Digital contrast enhancement may thus be achieved "on the fly" at this stage 

by linear or non-linear grey level optimisation. The input image is modified 

according to a pre-assigned function stored in the input LUT, e.g. to 

selectively enhance the contrast of a particular grey-level zone, or to more 

effectively occupy the full dynamic range from black to white. The contrast 

of a processed image may be similarly optimised by passage though an 

output LUT, Shotton (1993).

The eye discriminates colours better than slight grey level variations, so a 

pseudocolour image can be useful. In this, each monochrome image grey 

level is assigned an arbitrarily different colour, generated via three such 

LUTs. Three Digital-to-Analogue Converters (DAG), one for each 8-bit colour 

channel are required to produce the requisite video image for display. 

Dual-image combinations employing Boolean logical operators are generally 

useful in post-processing, for overlaying and combining images.
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Pixel group processes are more sophisticated context-dependent procedures. 

These modify individual pixel intensities in the image according to some 

function of those of their immediate neighbour. Such processes involve a 

group or kernel of adjacent image pixels, comprising a central pixel and its 

surrounding neighbours. Each pixel group process also requires the 

definition of a convolution mask or filter, a 2-D array of dimensions equal to 

those of the image kernel, containing numerical weighting factors. A basic 

mechanism of pixel group processing is the spatial convolution, which 

calculates a weighted average of pixel intensities around and including each 

pixel. The size of the convolution kernel, the coefficient matrix determining 

the characteristics of the convolution, determines the size of the area over 

which brightness trends will be examined for each pixel. For example, in a 

3*3 convolution, the kernel consists of a square of nine coefficients, 

corresponding to a square of nine pixels in the image, with the target pixel in 

the centre.

The spatial convolution is calculated by multiplying the value of each pixel 

by the coefficient specified in the kernel, summing and dividing these values 

to produce a weighted average. Several types of filters can be implemented 

using spatial convolutions. High-pass filters make high frequency 

information (i.e. rapid changes in intensity, associated with image details, 

edges, or textures) more prominent. This makes small changes in the image 

easier to see. Conversely, low-pass filters can be useful in removing noise 

from an image, but reduce detail and blur edges.
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Convolutions can also be used to implement edge-detection filters e.g. 

Laplacian and Sobel. In edge-detection filters, high frequencies are made 

very prominent, and low frequencies are highly attenuated. Since edges 

within an image constitute high frequency information, edge enhancement is 

especially good at locating boundaries between objects, Bradbury (1995).

4. Image Analysis

An operational distinction may be made between digital image processing 

and digital image analysis. The former improves the clarity or visual 

appearance of an image, thereby aiding its comprehension by the eye/brain. 

In contrast, the primary purpose of image analysis is to abstract meaningful 

numerical data from an image, which concisely describe the salient features 

of the image and facilitates, if required, a significant reduction in the volume 

of data stored. This distinction is, however, not absolute, since many early 

stages of image analysis involve standard image processing routines, and, 

conversely, image processing of multidimensional images for display on a 2- 

D video monitor, involves image analysis procedures such as thresholding, 

feature selection, and data reduction. Once a contrast-optimised image has 

been obtained, the following image analysis operations may be performed on 

it, Shotton (1993):

1. (Optional) Definition of an Area of Interest (AOI): defining a 

rectangular box marks the region on the image to be analysed or the 

features of interest are drawn around. This reduces the time taken for
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subsequent processing by restricting the amount of raw image data 

subjected to analysis.

2. Definition of a threshold intensity value to separate features of 

interest from the rest of the image. This is usually done interactively, 

by adjusting the selected threshold intensity value until the displayed 

contour accurately circumscribes the edges of the objects of interest. 

This is made easier if background subtraction has already been 

performed on the image.

3. Binary Segmentation of the intensity image to generate a binary 

image, in which pixel intensities are constrained to one of two values, 

black or white, according to the threshold intensity set. Sophisticated 

digital image analysers will at this stage uniquely num ber each 

discrete object in the binary image, assigning different pseudocolours 

to adjacent objects, for ease of recognition.

4. Separation of touching objects: This is especially useful for 

agglomerates, where thresholding would be unable to separate 

touching particles. An interactive or an automatic procedure can be 

employed to achieve the separation. The former method relies on the 

user drawing a separating line between the two objects. The 

automatic method is limited to objects only touching over relatively 

small areas. It involves only two binary image operators, erosion and 

dilation - the combination is known as opening. One or more rounds 

of erosion, removal of the outermost layer of pixels around the
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perimeter of the objects, are used until the objects are separated from 

each other. These objects are then identified as distinct and numbered 

before dilation (opposite of erosion) is used to restore them to, 

approximately, their original size and shape.

5. Skeletonisation of extended objects involves thinning by erosion, 

until the object is everywhere only 1 pixel wide, thereby defining the 

central axes and branch points of the object.

6. Categorisation and measurement: Once the desired objects have all 

been successfully identified and isolated, they can be categorised (e.g. 

by size/shape/area etc.) into groups, the number of objects in each 

group can be counted, statistics calculated from these data and the 

properties of the individual objects determined.

Once the objects are identified, many other measurements can also be made 

upon them. Digital image analysers can automatically calculate many 

parameters for the selected objects to generate statistical analyses of the 

population data produced. Parameters include size factors (area, equivalent 

diameter, centre of gravity etc.); edge factors (roughness, fractal dimension 

etc.); shape factors (aspect ratio, max. and min. diameters, perimeter to area 

ratio etc.); intensity factors; texture factors calculated by analysis of the 

spatial frequencies within the original intensity data for each object; and 

spatial distribution parameters for the population of objects (mean nearest 

neighbour distance, percentage area occupied, porosity, etc.).
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The process of digital sampling converts smoothly changing boundaries into 

jagged edges, whose positions only approximate the original bounds. This 

makes the measurement of the perimeter of digitised images open to 

systematic overestimation if simple perimeter-determining algorithms are 

used. This is partially compensated for by the use of more sophisticated 

algorithms. The extent to which these are employed in commercial packages, 

however, is rarely made clear by their suppliers. One of the options available 

is to increase the number of iterations used to approximate the shape of the 

object.

5. Image Storage

Relatively inexpensive digital disks for time-lapse recording and archiving of 

high-resolution processed images have now generally superseded the use of 

high-resolution VCRs. A two-gigabyte disk can store up to 8000 images of 

5122 pixels by 8 bits and substantially more via compression algorithms. 

Compression algorithms are of three major types, those allowing: lossless 

compression (where complete fidelity is restored on decompression), 

controlled quality compression (for partial restoration of the original) and 

those in which certain image data are completely discarded (used in 3-D 

images), preventing restoration of the original image.

Digital storage has the tangible advantage of giving high quality full-frame

still replay, compared to the reduced vertical resolution of the single field

"freeze" replay mode of conventional time-lapse VCR. Recordable CD

players and magneto-optical machines are now becoming the standard
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Storage media, as they provide the best price per megabyte ratio presently 

available.

6. MODELLING OF ZEOLITE CRYSTALLISATION 

Introduction

A "model" is defined as a mathematical description of the synthesis process 

being considered. The solution to a model describes the variation of 

dependent with the independent variables in the system, while certain 

parameters (e.g. T, pH etc.) are kept constant.

Mathematical models are useful in all phases of chemical engineering, from 

research and development to plant operation, and even in business and 

economic studies. The uses of these models at stage of development are listed 

below (Luyben, 1990):

1. Research and Development:

• Determining chemical kinetics mechanism and parameters from 

laboratory or pilot plant reaction data.

• Exploring the effects of different operating conditions for optimisation 

studies.

• Aiding in scale up calculations.

2. Design:

• Exploring the sizing and arrangement of processing equipment for 

dynamic performance.
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• Studying the interactions of various parts of the process.

• Evaluating alternative control strategies.

• Simulating start up, shut down and emergency situations and procedures.

3. Plant Operations:

• Trouble shooting control and processing problems.

• Aiding in start up and operation training.

• Studying the effects of and the requirements for expansion projects.

• Optimising plant operations.

It is usually cheaper, safer and faster to conduct the kind of studies listed 

above on a mathematical model than experimentally on an operating unit. 

Plant tests, however, are a vital part of confirming the validity of the model 

and of verifying important ideas and recommendations evolving from model 

studies.

The solution of a given problem is best approached from as many different 

directions as possible (using a number of completely different models) to 

obtain an overall improved description. Additionally, it is advisable to start 

with the simplest conceptual process representation and build in more 

complexities, as the model develops. Starting off with the process in its 

complex form often leads to confusion. In model formulation, therefore, it is 

vital to include the potential for change.

One of the most important factors in modelling is to understand the basic 

cause and effect sequence of processes. Often the model itself, by generating 

unexpected behaviour, will assist in gaining additional process insight, since
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the basic cause for the anomalous behaviour must be thought out and a 

plausible explanation found. The model demands a logical thinking through 

of each step in the process. The task of formulating theory into terms of 

mathematical equations is also a positive factor that forces a clear 

formulation of basic concepts.

Once the model is established, it can then be used, with reasonable 

confidence, to predict performance under differing conditions. Input of 

plant/experim ental data is, of course, required in order to establish or 

validate the model, but the data quantity required compared to the empirical 

approach, is considerably reduced.

An essential stage in model development, is the formulation of appropriate 

mass and energy balance equations. To these must be added appropriate 

kinetic equations for rates of chemical reactions, heat and mass transfer rates 

together with equations representing system property changes, phase 

equilibrium and applied control. The combination of these relationships 

provides a basis for the quantitative description of the process and comprises 

the basic mathematical model.

One of the goals of modelling is to derive the simplest possible model, 

capable of a realistic representation of the process, the principle of 

parsimony.

The diagram below shows the information flow in model building and its 

verification:
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DESIGN, OPTIMISATION, CONTROL

MATCH

\ /  NO MATCH

SOLUTION: 
COMPUTER DATA

COMPARISON

PROCESS

MATHEMATICAL
MODEL

PHYSICAL
MODEL

EXPERIMENTAL DATA

REVISE IDEAS, EQUATIONS & PARAMETERS

Figure 1.6.1: Information flow during model building and 

verification (after Ingham et al. 1994).

Particulate Systems

Size and shape characterise solids, compared to liquids/gases, which assume 

the shape of the volume they are in. As no two particles will be exactly the 

same size, the material must be characterised by the distribution of sizes or 

Particle/Crystal Size Distribution, P/CSD.

In crystallisation, the CSD can be the major determining factor in the ultimate 

use of a particulate material. Table 1.4 lists some common CSD end-use 

properties, produced by different supersaturation levels affecting the listed 

factors. The prevailing CSD strongly influences these, especially in 

continuous crystallisers (Randolph & Larson, 1988).
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End Use (PSD or CSD) Crystalliser Interactions (CSD)

Filtration rate. Vessel fouling rate.

Entrainment of liquid after 

dewatering.

Changes in crystal habit.

Dissolution rate. Changes in crystal morphology.

Caking properties in storage. Mother-liquor inclusions.

Fluidisation properties. CSD instability.

Pneumatic handling properties.

Bulk density.

Aesthetic appearance.

Table 1.4: Effect of CSD on end use of particles (after Randolph

& Larson, 1988).

Plant productivity is severely reduced when excessive fines are produced, 

since the solid-liquid separation system must be slowed down to 

compensate.

Scale-up of crystallisation processes from bench scale to pilot-plant to 

industrial size is a difficult problem and again relates to the CSD, Factors 

such as supersaturation generation, flow pattern, degree of mixing and 

secondary nucléation effects vary significantly with a process scale change. 

Generally, uniform sized particles are easier to handle, filter and de-water, 

hence more desirable.

CSD data can be presented as cumulative totals of a measured quantity 

(number, mass, area etc.) versus specific levels of some measurable particle
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characteristic for each member of the distribution (usually particle size), see 

Table 1.5. Alternatively, the distribution can be formulated as a density 

distribution, i.e. the approximate derivative of the cumulative distribution. 

The histogram is similar to the density function, and plots the amount of 

measured quantity (e.g. mass) that appears over each increment of the 

measured characteristic (e.g. particle size).

Any density formulation can, of course, be employed to model any 

particulate system; the choice, however, lies in convenience for the process 

being studied.

Density D istribution Common Use

dN(L)
(Particle no.s appearing in linear 

particle size range L to L+dL)

CSD Modelling 
(As no.s superior to mass for 

nucléation & linear size better than 
volume as growth is supersaturation 

dependent but size independent)
dM(L)

(Mass of particles appearing in 
particle size range L to L+dL)

dN(v)
(Particle no.s appearing in 

particle volume range v to v+dv)

Aerosol Modelling 
(Since agglomeration/breakage shape 
the CSD & volum e/m ass is conserved 

there, but not linear particle size.)
dM(v)

(Mass of particles appearing in 
particle volume range v to v+dv)

Grinding Simulations 
(Mass conserved during breakage & 

PSD is unaffected by nucléation events 
at small sizes).

Table 1.5: Uses of different density distributions (after 

Randolph & Larson, 1988).
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Laser light scattering instruments (based on Fraunhofer diffraction theory) 

are preferred measurement devices, as they avoid plugging problems 

associated with Coulter counter devices, require little calibration and are 

easily automated (Rawlings et al. 1993). The Fraunhofer theory is only 

accurate, however, for dilute collections of large spherical particles. Higher 

particle concentrations increase the probability of multiple scattering, which 

would corrupt the CSD approximation. Witkowski et al. (1989) demonstrated 

the use of transmittance data, obtainable from light scattering instruments, to 

obtain CSD data.

The major advantage of the Coulter counter, based on electrical resistance 

differences between the particle and the solution, is in that it directly counts 

particle numbers, rather than deriving values from the CSD.

For smaller size ranges (5 nm to 5 pm) Photon Correlation Spectroscopy (also 

known as Quasi-Elastic or Dynamic Light Scattering) methods used in 

instruments such as the Zetasizer can be employed.

Optical microscopy techniques have also been utilised in the past, and are 

made less cumbersome if used in conjunction with electronic image analysis 

equipment. This method avoids problems involving particle shape 

assumptions and the ill conditioning of inference techniques.

Population Balance Analysis

The population balance approach has been used for over 30 years to analyse 

crystallisation systems. The basis of the technique is to assume the particulate
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system yields a product comprising discrete entities having a distribution of 

particle sizes. Accounting for the various mechanisms by which a particle 

may be positioned along the continuous size axis (nucléation, growth, etc.), 

results in a differential equation describing the change of the particle size 

distribution with time, position and the relevant system parameters. The 

differential equation is developed from the conservation of particle numbers as 

nucléation, growth and transport occur in physical space. Randolph & 

Larson (1988) have outlined the derivation for this predictive 

multidimensional particle distribution theory as follows:

The number of particles existing at time t in an incremental region of particle 

phase space dR is:

(42)dN(L) = n(L) dL

thus the total number of particles in some finite subregion of particle phase 

space Ri is:

(43)

qo,co,no

q,c,n

For a well-mixed stirred tank system with feed and product streams 

containing crystals dispersed in mother liquor, the population balance can be 

written:
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(44) A  + ̂  + = +

where:

n= n(L,t) = Particle size density.

B = Nucléation rate (dn/dt).

D = Crystal death rate.

L = Characteristic crystal dimension (length).

G = Linear crystal growth rate (dL/dt).

qo, q = Volumetric flowrates for feed and product streams.

V = Crystalliser vessel volume.

The product stream is assumed to have the same particle size distribution as 

within the crystalliser itself. The terms in equation (44) represent from left to 

right: transients in the particle size distribution, crystal growth, changes in 

the slurry volume, crystals in the feed and product streams, and 

form ation/ destruction of crystals, respectively.

In order to simplify equation (44), it is assumed that: the feed stream is 

crystal free (i.e. no =0), the growth rate is independent of the crystal size (i.e. 

G ^  G{L) , McCabe's AL law), negligible birth and death rates at finite sizes 

(i.e. B=D=0) for steady state operation and also a constant volume system. 

These assumptions are applicable for a MSMPR (Mixed Suspension Mixed 

Product Removal) crystalliser and equation (44) reduces to:

(45) ^  _  Q
â l G T
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where the residence time for the system, t, is defined as V /q. Defining no as 

the population density of embryo size crystals and letting their size be 

virtually zero, as a boundary condition, allows equation (45) to be integrated 

to give:

(46) n = n„ exp(-p)
Lt T

In general terms, the boundary conditions can be written as:

(47) n(L,0) = no(L)

(48) n(0,t) = B(t)/G(t)

The population balance equation for the crystal population can be recognised 

as a wave equation, in which the convective velocity term accounts for 

movement along a dimensional axis. In this case, however, the axis is a 

particle size axis, and the convection of particles is not in physical space, but 

in particle size space; where the size can refer to any characteristic dimension 

of the particulate system, e.g. length, volume, mass and age. Thus the crystal 

population can be viewed as a wave of particles moving along the size axis 

with velocity G, which may be time dependant, and may be positive or 

negative depending on whether the crystals are growing or dissolving.

The population balance equation for the typical batch crystalliser is obtained 

by setting the right side of equation (45) equal to zero:

(49) A  + e  = o
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Auxiliary Equations to the Population Balance

1. Mass and Energy Balances

Material balances of the different phases present in a crystalliser m ust be 

defined in addition to the population balance equation. Table 1.6 shows 

various formulations used for zeolite systems:

Mass Balance Equation Crystalliser

Type

Reference

dC ^^C ^-C  
dt I

+ri(Cj)

MSMPR

(c *  )  
dt T * '

R.Thompson 

(in Catlow 1992)

æ
dt

= k^C -  k^c  C -  rp -  —Y "  rn̂ BATCH

Warzywoda et al. 1989 

Hu and Lee 1990 

Hu et al. 1991 

Chen et al. 1993 

Gonthier et al. 1993

— =-k^C+k2C C
dt

^ = k j C - k 2 C  C -2k^C^-k^C Z j

00

where Z j  = X
i=2

BATCH Thompson and Ying 

1984
dZ

dt
^=k-,G *2

Table 1.6: Mass balance equations used in zeolite modelling.
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where:

C, Co = Gel composition, feed/ initial value.

C* = Reactant composition in solution phase.

C i ,  C io  = Concentration of the ith species in the solution phase, 

feed/initial value.

ri = Rate of formation of the ith oligomer species in the amorphous 

gel phase or solution phase.

An energy balance should also be included in the model, but has thus far 

been excluded in zeolite synthesis models. A typical energy balance, 

accounting for enthalpy differences between flow streams, heat of 

crystallisation and heat removal by cooling systems, evaporation etc. would 

have the following form (Rawlings et al. 1993):

(50) p C p V ^  = fl?G dL -
at at 0

where: T is the crystalliser temperature; t is time; Cp the specific heat capacity 

and p the density of the slurry; A H c  the heat of crystallisation, H k  the /c* 

stream enthalpy, P the system pressure, p c  and kv the crystal density and 

volumetric shape factors and H e x t  the net heat removal (to surroundings, 

mixing, cooling system etc.)

2. Nucléation

Various nucléation mechanisms, as discussed earlier, have been proposed for 

the zeolite system. Commonly used nucléation formulations are shown in 

Table 1.7.
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In very high supersaturation generating precipitation systems, 

homogeneous nucléation is theoretically possible. Little success has been 

achieved in its use for zeolite synthesis, however, and the presence of 

heteronuclei is commonly attributed as the cause. The nature of the 

heterogeneous nucléation equation shows that the nucléation rate will be 

highest at early times, and will decrease steadily as the synthesis continues.

Nucléation

mechanism

Equation Reference

Homogeneous B = pexp [----
In s

3v^(RTy

McCabe & Smith, 1993

Heterogeneous
B = IcN q exp(-kt)

Mullin, 1993

Autocatalytic

dt

Zhdanov et al., 1991

Secondary B = k (T )w 'M js ^ Randolph & Larson, 

1988

Table 1.7: Nucléation mechanism equations.

where:

p = Frequency factor.

A = Interfacial energy parameter.

S = Supersaturation ratio.

W = mechanical agitation rate.

M = crystal suspension density in the environment.
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S = degree of supersaturation.

k = temperature-dependent 'effectiveness' constant, i, j, m  = exponents 

to be determined experimentally.

(i usually 1-3, j usually 1) 

cj = Surface energy.

P = viable nuclei density in the gel phase 

(assumed to be uniformly distributed).

Of the various forms of secondary nucléation (initial breeding, needle 

breeding, and attrition by crystal collision or fluid shear, as suggested by 

Sand et al., 1986), micro-attrition by collisions or fluid shear are more likely 

to be important in unseeded zeolite systems than initial breeding or needle 

breeding. The form of the secondary nucléation equation expresses the lack 

of quantitative understanding of the factors affecting this mechanism. The 

inclusion of the agitation intensity and the mass of crystals in the equation is 

consistent with the notion that momentum of the parent crystals is important 

in secondary nuclei generation.

Cook and Thompson, 1988, further introduced the condition that some nuclei 

may be present at t=0 to simulate the effect of gel ageing a zeolite solution at 

room temperature prior to synthesis, as in equation (16). Figure 5.1 shows the 

predicted behaviour of the percentage crystallinity with synthesis time, by 

Subotic and Bronic, 1986, compared to experimental data points from Cook 

and Thompson, 1988.

Page 120



Chapterl Literature Survey

1 0 0 . Q
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From left to right, solutions aged for 17,11, 7, 3 and 0 day, respectively

Figure 5.1: Simulated crystallisation curves (Cook and 

Thompson, 1988).

Possible explanations for the discrepancies between the experimental and 

theoretical values include:

1. The fluid properties change as the zeolite crystallisation proceeds, an effect 

not accounted for in the modelling work to date.

2. The homogeneous nucléation mechanism is incorrect, or not the only 

mechanism participating in the crystallisation.

The major problem with the simulation results is that they generally tend to 

predict too short an induction time, together with a slower subsequent 

crystal growth rate than displayed by the results of Subotic and Bronic. The 

nucleus size formed by ageing was considered a constant in the simulation, 

although this would not cause problems as discussed earlier. A part of the 

observed induction times may be attributed to system heat-up time, this 

would be accounted for by incorporation of an energy balance in the model, 

not done to date in models reported in the literature.
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There is much evidence for some form of secondary nucléation to explain 

certain results in the literature; e.g. the enhanced nucléation rate due to 

stirring the crystallisation medium may be explained by some form of 

crystal-catalysed nucléation mechanism. Recent work reported by Hou and 

Thompson (1989) suggests initial breeding of nuclei may be responsible for 

the facilitated crystallisation rate in seeded zeolite crystallisation. Since 

secondary nuclei typically form from rather large parent crystals (1-40 pm) 

and high fluid shear forces are required to generate secondary nuclei by fluid 

motion, indicates other secondary nucléation mechanisms may be 

responsible for the effects noted in zeolite crystallisation. Secondary nuclei 

are formed over a range of sizes but are often characterised, for practicality, 

by an '"effective" size, e.g. for use in crystalliser design.

The autocatalytic nucléation mechanism has been explained to be a result of 

the release of potential, viable nuclei from the amorphous gel phase as 

crystallisation occurs. This concept was based on the experimental 

observations of Zhdanov et al. (1971), who noted that ordered quasi

crystalline material existed in the gel, even at early times. After a relatively 

small conversion, due to consumption of solute by the heterogeneous nuclei, 

these autocatalytic nuclei emerge from their dormant state from within the gel, 

according to this theory, become activated and grow. The increasing 

numbers of growing crystals consume solute at an increasing rate, thereby 

producing the autocatalytic effect.
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3. Crystal Growth

The evidence reported for zeolite crystallisation suggests growth rate is 

independent of crystal size, L. Experience with various functional forms for 

the crystal growth rate has suggested the system is insensitive to this 

functionality (Thompson in Catlow 1992). This appears to contradict 

Zhdanov (1971) where growth was concluded to be the most important 

factor in zeolite crystallisation. No experimental studies of individual zeolite 

crystal growth-rates, however, were found in the literature. Assuming a 

linear supersaturation dependence for the crystal growth:

(51) G = k^(C  -

4. Agglomeration and Disruption

Finally it has to be noted that no studies have been undertaken heretofore, 

concerning agglom eration/disruption kinetics in zeolite syntheses. This is 

curious since the secondary processes, including crystal agglomeration and 

breakage, can have a determining effect on product form, especially of 

precipitates. Generally, agglomeration rates are seen to increase with 

supersaturation, as though the crystals become more "sticky" (Mullin 1993). 

Consideration of these phenomena would require the addition of birth and 

death terms for agglomeration and breakage in the population balance 

equation. The aggregation of 2 particles of size u and v-u into a particle of 

size V can be written (Drake, 1972):

(52) = \  ^K{u,v-  u)n(u,t)n(v -  w,t)du
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and

(53) = n{yj) ^K{u,v)n{u,t)du
0

where:

Ba/Da = Particle b irth / death rate due to aggregation (no./ml^s) 

u, V = Particle volume (mL)

K(u,v) = Aggregation kernel (mL/s) 

n(v,t) = Crystal size distribution (no./ mL^)

While particles are commonly characterised by a linear dimension, the 

agglomeration/ disruption terms require conservation of particle volume. 

Often the characteristic length is simply cubed to account for this.

The aggregation kernel accounts for the physical forces describing the 

aggregation process. Two types of agglomeration can occur (a) Perikinetic, 

due to Brownian motion of <1 pm particles, or (b) Orthokinetic, due to > 1 

pm particle collisions as a result of fluid velocity gradients (Mullin 1993). 

Different formulations of the kernel, corresponding to different aggregation 

mechanisms, are shown in Table 1.8 (after Hartel & Randolph 1986):

A similar set of equations would also be required to account for disruption 

phenomena.

SEM evidence suggests attrition/breakage are highly significant in precursor 

materials, but less so in the zeolite crystals. Primary agglomeration, mostly 

twinning (dendritic growths have not been observed) occurs frequently in 

zeolite crystals compared to secondary perikinetic agglomeration dominating 

for the precursor.

Page 124



Chapterl Literature Survey

Description Kernel Reference

Brownian Motion 2kT I  1 - I  - I  
K(u,v) = ---- [u^+v^][u 3+v 37

3//
Smoluchowski

1918

Laminar Shear K(u, v) Shf«3 + v3y^ Smoluchowski

1918

Turbulent Diffusion K(u, v) = kiU[ «3 + v3 f Low 1975

Turbulent Inertia 3
1 1 _ 2 2 

K(u, v) = 0 .2 -^ . Ei(û  + vVVm' -  v'7
pO£̂

Drake 1972

Gravitational Settling 

(L<50 pm)

K(u, v) = C^Ei[ «3 + V ^ f[ «3 -  v3y Drake 1972

Gravitational Settling 

(L>50 pm)

K(u, v) = C^Ei[ «3 + v ^ f [ «3 - ^ 3 7
Berry 1967

Semi-empirical
[u + v]

Thompson 1968

Table 1.8: Aggregation Kernels (after Hartel and Randolph,

1986).

Precipitation processes often yield a bimodal size distribution consisting of 

small attrited particles and relatively large agglomerates. This is difficult to 

model using normal population balance equations and special forms of size- 

dependent aggregation kernels have been proposed. Wachi & Jones (1991), 

however, demonstrated the effectiveness of a dual co-ordinate population 

balance, where overall particle size and primary crystal numbers within an 

agglomerate are followed. This allowed the use of a primary particle attrition
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mechanism to be used in the population balance and the model was 

successful in predicting a bimodal CSD. This method also allowed useful 

secondary characteristics, e.g. specific surface area, to be computed from the 

model.

Parameter Estimation

Combining the population bcdance with the appropriate mass and energy 

balances together with equations for nucléation, growth and 

agglom eration/disruption effectively describes a crystallisation system.

An MSMPR is usually employed for estimation of growth and nucléation 

rates. For the empirical equations:

(54) B = k ^ N ^  

and
(55) G = k^^C^

combining gives:

(56) B = k,G'

where: i=h/g. Here, b and g are the kinetic orders of nucléation and growth 

and i is the relative kinetic order. Relationships between nucléation and 

growth can, therefore, be expressed as:

(57) B = HqG or riQ=k^G'~^

where no = population density of nuclei.

Results of experimental number based CSD measurements of a steady state 

MSMPR are used to plot log crystal population density Vs crystal size. A

straight line is produced of slope — — and intercept at L=0 gives no. A Plot
G t
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of log no Vs log G gives a straight line of slope i-1, thus if g is known then b 

can be calculated (Mullin 1993). Extrapolation of the CSD to L=0 to calculate 

the nuclei density is not always valid, due to upward variation at small sizes. 

Additionally, achieving steady state is difficult and dynamic data is not 

considered.

The use of batch crystallisers allows large numbers of variables to be 

analysed from relatively simple, fast experiments. Data evaluation is 

complicated, however, with respect to variation of both crystal population, 

supersaturation and temperature with time during the experiments.

The simultaneous determination of growth and nucléation, as a function of 

supersaturation requires liquid phase information (via refractometry, 

densitometry, conductometry etc.) as well a dynamic CSD of the solid phase. 

Using batch results, non-linear optimisation can be employed to fit kinetic 

parameters to the data (Witkowsky et al. 1990, Farrell & Tsai 1995). This 

approach allows the confidence interval for the estimated parameter to be 

approximated. The procedure involves: (1) model construction for batch 

crystallisation, (2) sequential model solution for parameter sets until a 

logarithmic likelihood objective function constructed from the measured 

response function and model generated response and covariance is 

minimised. Carside et al. (1982) used dynamic supersaturation data from a 

batch crystallisation experiment. Expressions were derived to calculate g and 

kg explicitly from the mass balance. Unfortunately, measurement noise 

limited accurate numerical differentiation of experimental data, and
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nucléation rates were not calculated. Additionally, as with many other 

approaches outlined in the literature, the method was limited to specific 

nucléation/ growth rate forms and crystalliser configurations.

Solutions to the Population Balance

The PDE for the population balance together with its component ODEs have 

been solved by many different methods. These include Laplace 

transformation and various numerical techniques (e.g. polynomial 

approximations, singular perturbation, finite difference and orthogonal 

collocation methods). A discussion of different available solution methods is 

given by Ramkrishna (1985). Usually, the detailed transient behaviour of the 

CSD is not worth the effort or computational workload of directly solving the 

partial differential equation. Thus, it is frequently more convenient to 

transform the population balance equation to the corresponding moment 

equations.

To generate the set of moment equations for either batch or continous stirred 

tank crystalliser systems, each term in equation (2) is multiplied by and 

integrated over the entire size range, i.e. zero to infinity. A moment equation 

is so generated for each value of the index, i, where the most meaningful 

values are 0,1, 2 and 3. The results of the transform operations for the batch 

crystalliser are:

(58) ^  = B

(59) ^  = Gm,
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(60) = 2Gm^
dt

(61) = SGrnj
dt

where the :

Zeroth Moment a  Cumulative Number,

First Moment a  Length,

Second Moment a  Surface Area,

Third Moment a  Crystal Pop. Volume.

This transformation will succeed only when the crystal growth rate, G, is size 

independent. The only area of uncertainty for zeolite crystallisation here is 

the very small particles in the sub-micron range.

Discretisation of the CSD, where the particle size range if divided into a

number of intervals, specifies a single value Ni for the number of particles

per unit volume of slurry within a given size interval i. A set of easily

integrated, differential equations is so produced. To decrease computations,

the particle size domain is divided into size intervals in a geometric series:

V i+ i= rv i. Here, r is the geometric ratio and Vi is the largest size for the interval

i. The major problem with this approach has been its inability to conserve

zeroth and first moments in systems where agglomeration and disruption

occur. This is demonstrated by considering a system with size intervals 0-1,

1-3, 3-5, 5-10 mm^. If a 7 mm^ particle (i.e. in size interval 5-10) breaks into 5

mm^ and 1 mm^ particles, the discretised breakage equation automatically

decreases the number of particles in the 5-10 range by 1, whereas 6 mm^ is
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still within that range. Additionally, formulations often insert nucleated 

particles into the smallest size class at birth, thereby potentially over 

predicting desupersaturation rates. Farrell and Tsai (1994) introduced a 

variable time delay for the nucléation boundary condition to account for this, 

it also allowed definition of the percentage of crystals not grown to a 

measurable size range. A solution of discretised population balance 

equations conserving 0th and 1st moments for crystallisation with 

nucléation, growth and aggregation was outlined by Hounslow et al. (1988). 

The aggregation model used was limited, however, to the case where size 

intervals are in a geometric series v i+ i = 2 v i  and the geometric ratio was 

limited to 2. Hill & Ng (1995) have demonstrated a discretised population 

balance that conserves moments, does not impose the limitation on the 

geometric ratio and also includes one of the following breakage functions: 

Uniform breakage: when a particle breaks, it has an equal chance of forming 

2 particles of any smaller size.

Parabolic breakage: when a particle breaks, it is either more or less likely to 

result in 2 child particles of very different sizes - used to model breakage 

processes where attrition or abrasion dominate.

Discretisation is thus a useful method for solving population balance models, 

the loss of CSD detail is compensated for by the reduced processor times 

required for solving the equations.
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CONCLUSIONS FROM THE LITERATURE SURVEY

•  The sequence of events which occur during zeolite crystallisation via an 

amorphous aluminosilicate precursor phase, remain unresolved.

• Common techniques for studying crystallisation have not been effectively 

applied to zeolite systems. Thus, studies have been severely hampered by a 

lack of solubility data, induction time measurements, seeding and MSMPR 

kinetics. This may be partially due to the severe conditions needed to effect 

zeolite synthesis and the gelling nature of the amorphous phase making 

indirect size distribution studies futile. Techniques overcoming these 

problems need to be used.

•  Studies have often been modelling led without hard evidence for 

particular transformation mechanisms, and no supersaturation details. 

Although the population balance approach has been relatively the most 

effective, further in-depth understanding of the system is needed to allow its 

development.

• Many different studies cannot be compared with any other because of 

idiosyncratic approaches for instance neglecting heat up times, change of 

reaction component origins during an investigation, and the pursuit of room 

temperature aged systems, which appear entirely unrepresentative of typical 

manufacturing conditions.
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•  Although the amorphous to zeolite phase transformation is seen as crucial 

and there have been many attempts to spectroscopically identify the 

chemical species involved, the particulate nature of the precursor phase and 

its interaction with the zeolite phase is almost completely overlooked.

•  Precursor dissolution has only been hypothesised to be due to an 

unqualified equilibrium between the gel and the surrounding solution. 

Solubility characterisation is needed to clarify this issue.

•  Key features in the mechanism of high silica zeolite crystallisation have 

begun to be resolved by in-situ observations made using neutron and light 

scattering methods. There is a real need to make direct observations of the 

transformation of amorphous aluminosilicate materials to crystalline zeolite 

A.
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OBTECTIVES

The literature is full of references to just two apparently competitive 

mechanisms: solid and solution-mediated transformations. The real picture is 

more uncertain, as there appears to be no real firm basis for assuming they 

are mutually exclusive. Too much is assumed and there is insufficient 

information to allow definitive mechanistic statements to be made.

In order to resolve this, the objective of this work was to:

• Design a set of experiments to divulge the mechanism of amorphous 

sodium aluminosilicate transformation into zeolite A crystals.

This was to be undertaken by:

• Determination of solubility limits of both the amorphous and the 

crystalline phases involved in zeolite A crystallisation at synthesis 

pertinent conditions.

• Direct in-situ and post synthesis analysis of particles using optical 

microscopy (in conjunction with electronic image processing) and 

scanning electron microscopy.

• Investigation of nucléation phenomena occurring in the system via 

induction time analysis.

• Examination of the possibility of bypassing the amorphous gel phase to 

crystallise zeolites directly from solution.

The materials, methods and techniques adopted in the study are detailed in 

the next chapter.
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CHAPTER 2. MATERIALS AND METHODS

1. SOLUBILITY OF ZEOLITE A AND ITS AMORPHOUS 

PRECURSOR IN SYNTHESIS CONDITIONS

Introduction

An analysis of the solubilities of the two phases involved in zeolite A 

crystallisation was the essential first step in the investigation into the system 

due to a lack of suitable literature data.

Previous studies have looked at zeolite A solubilities at insufficiently high 

NaOH concentrations to be relevant to zeolite synthesis, e.g. Caullet et al. 

(1979), Cizmek et al. (1991) and Gasteiger et al. (1992). Only one set of 

references to dissolution of zeolite precursors, Antonie et al. (1993) and 

(1994), were found but they involved NaOH concentrations of 0.2M, zeolite 

A syntheses can involve up to 4.0M, where high caustic concentrations are 

essential to keep crystallisation times short and allow effective recycling of 

the excess NaOH (Barrer, 1982).

The major problem in attempting to gauge precursor solubility is the 

difficulty in approaching equilibrium between the precipitate and the 

solution. Extended contact between the phases leads to transformation of the 

precipitate into zeolite A, whereas insufficient time results in an inaccurate 

solubility measurement. Difficulties also occur in achieving adequate solid-

Page 134



Chapter2 Materials & Methods

liquid separation due to the inability of most filter media to cope with the hot 

caustic conditions, whilst maintaining small pore sizes.

Experimental Procedure 

Precursor precipitation

The synthesis recipe for this precipitation is listed in Table 2.1. It was 

calculated using a Microsoft Excel™ spreadsheet, which is listed in the 

Appendix. The required weight of solid NaOH beads was dissolved in a 

known volume of deionised water in a 2 litre stainless steel reactor, heated to 

80 °C in a water bath and agitated at 300 RPM with a 7 cm diameter, 6-bladed 

Rushton turbine. Sodium silicate and sodium aluminate solutions were then 

simultaneously added manually on a semi-batch basis over a period of 15 

minutes.

% Dry Solids 13%

SI0 2 /AI2 0 3  ratio 2

Na2o/Al2 0 3  ratio 4

Molecular weight 284

Mass aluminate solution (g) 233.45

Mass silicate solution (g) 183.10

Mass NaOH pearls (g) 15.36

Mass H2O (g) 536.97

Total Mass 968.88

Table 2.1: Synthesis recipe for NAS precipitation.
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The precipitation was allowed to proceed to completion over a further 15 

minutes before the entire mixture was filtered hot under reduced pressure 

using a sintered glass filter. The resultant filter cake was resuspended in the 

reactor using 500 ml of deionised water (preadjusted to pH 9) before being 

refiltered. This washing/refiltering was repeated a total of five times. The 

washed filter cake was dried overnight in an oven at 50 °C, before being 

gently crushed and stored at 70% RH in a dessicator (over saturated NaCl 

solution) for a period of one week. This was necessary to ensure the constant 

water content within the pores of the precipitate over the course of the 

experiment, which could affect solubility measurements.

Analysis

15 cm^ of 3.02M NaOH was measured and put into a polypropylene bottle, 

together with 1 gram of the Sodium AluminoSilicate (NAS) precursor 

precipitate. A lid was placed upon the bottle that was sealed with Teflon 

tape, shaken vigorously and placed in a water bath at 30 °C. Additional 

specimens were then made up using NaOH concentrations of 3.32M, 3.89M 

and 4.39M.

The whole procedure was performed for temperatures of 30, 50, 65 and 80 °C

for which samples were taken at 4, 3, 2 and 1 hours respectively. Each 0.5 g

sample was filtered, using 0.1 pm pore size PVDF syringe filters to remove

any suspended particles in the sample, and diluted with 25 g of deionised

H2O. Subsequent analysis of [Si] and [Al] in the samples was completed

using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICPAES).
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Inductively Coupled Plasma (ICP) is an emission spectrometric technique in 

which a solution sample is introduced into a hot argon plasma (at a 

temperature of approximately 8000 °C) as a fine mist. The interaction 

between the plasma and the sample results in stimulation of the elements in 

the sample to excited/ionised states. The atoms re-emit the exciting energy 

as light. Each element emits a characteristic spectrum of wavelengths. The 

intensity of light emitted at each wavelength varies with the concentration of 

the element. Measuring the intensities of the peaks in the emission spectrum 

of the sample allows determination of the concentration of elements present. 

This technique has a sensitivity of parts per million to parts per billion, a 

precision of 1-2% and an accuracy of about 5-10%.

The values obtained from the spectroscopic analysis were corrected for the 

exact sample weights and diluent used.

A similar procedure to that for the precursor was employed to determine 

zeolite A solubility, using zeolite 4A powder from Crosfields Group, which 

had also been stored at 70% RH for one week.

The exact composition of both solids (viz. amorphous and crystalline) was 

examined by a combination of Total Volatile Matter (TVM) and X-ray 

Fluorescence analysis. Furthermore, the exact water content by weight of 

samples of the two powders used was also examined via Thermogravimetric 

Analysis (TGA). This technique measures the amount and rate of change in 

the weight of a material as a function of temperature or time to determine 

composition, thermal stability, and related phenomena.
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2. DYNAMIC MICROSCOPIC OBSERVATION OF ZEOLITE 

A PHASE TRANSFORMATIONS

Introduction

Despite much effort there is still a lack of evidence to indicate the mode of 

phase transformation of the initial amorphous precipitate in zeolite A 

synthesis. Optical microscopy in conjunction with electronic image 

processing techniques were considered to be powerful tools to attack the 

problem. Suitable synthesis recipes and conditions, however, had to be 

devised to effect the transformation whilst allowing satisfactory microscopic 

observation. The details of the methods used in this investigation are listed in 

the following section.

Experimental Procedure

A schematic diagram of the equipment used is shown in Figure 2.1. An 

Olympus 1X40 inverted transmitted light microscope, with a temperature 

controlled heated stage (accurate to 0.1 °C, with a range up to 99 °C) was 

employed in combination with a Planfluorite oil objective with 1.3 Numerical 

Aperture (N.A.) and 100 times magnification. The la tte /s  correction of field 

curvature and primary axial chromatic aberrations being particularly useful 

features, together with considerable residual colour reduction. The N.A. of 

the objective was matched with that of the condenser using a variable N.A. 

oil immersion condenser with a maximum N.A. of 1.4.
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Figure 2.1: Schematic Diagram of Apparatus

A stainless-steel precipitation cell was used to produce a sealed, flat, heated 

supersaturated solution of variable depth between 0.5-1.0 mm. Deeper 

samples caused focusing and light transmission problems at high 

magnifications.

The stainless-steel construction of the cell was used to provide the necessary 

resistance to the corrosive synthesis conditions. The large cell surface area 

allowed effective heat transfer through conduction, whilst simultaneously 

providing easy access for close contact of the objective and condenser lenses.
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In order to avoid the effects of nucléation from residues of previous 

syntheses, all surfaces of the cell were washed with dilute sulphuric acid to 

dissolve any solid NAS that may be present. This was followed by high- 

pressured water before final rinsing with ethanol.

Furthermore, a fresh coverslip was employed for each run, which was 

mounted onto the cell using high vacuum grease. To minimise spherical 

aberrations in the image, the coverslip had to be of a regular 0.17 mm 

thickness and the immersion oil used of the same refractive index as that of 

the glass. Additionally, the immersion oil needed to be highly viscous, for 

inverted microscopy, and stable to heating related refractive index changes 

over an extended time period. Thus type NVH oil supplied by Electron 

Microscopy Sciences was chosen for this study. A 1-mm thick, optically 

polished Pyrex disc formed the upper surface of the cell and was mounted 

with Silicone rubber-compound sealant.

A Sony 2 /3-inch CCD camera was used to capture the formed image, which 

was then digitised to a spatial resolution of 768 by 576. A combination of 

Matrox Meteor framegrabber and Millennium graphics adapter on a PCI bus, 

Pentium Pro 200 based PC provided the live display.

The acquired image required a number of processing steps before it could be 

analysed and data extracted from it, KS300 software from Kontron was used 

for this purpose. A number of short macro programs were written to 

automatically acquire, process and save the time-lapse images and these are 

listed in the Appendix.
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The conditions for the different syntheses investigated dictated the exact 

synthesis recipe, which was calculated using a Microsoft ExceF^ spreadsheet 

also listed in the Appendix.

Although the reaction mixtures were kept necessarily dilute in solids to 

allow sufficient light transmission, the conditions still approached realistic 

manufacturing environments for zeolite A. At high solids content discrete 

floes are indistinguishable and light transmission poor, hence lower solids 

content systems were used.

The required concentration of sodium hydroxide was made up using Analar 

grade sodium hydroxide pearls. This was separately added to sodium 

aluminate and sodium silicate solutions to make up two equal volume 

mixtures. Both were pre-filtered using 0.1 pm PVDF syringe filters and 

individually heated in a water bath. Upon reaching reaction temperature the 

reagents were mixed together to make a supersaturated solution, before 

being syringe injected into the preheated cell. Low solids contents were used 

to facilitate observation whilst high caustic concentrations, i.e. within the 

typical synthesis range of 3.02M to 4.39M, were maintained to promote the 

reaction. This necessitated the use of high NazO/ AI2O3 ratios.

The second injection point in the precipitation cell was kept clear to allow 

displacement of the air pocket in the cell chamber by the reaction mixture. A 

bubble-free charge was important and was aided by tilting the cell to keep 

the air displacement aperture physically above the injection hole.
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The cell was subsequently sealed using a combination of steel screw-in plugs 

and Teflon tape. Effective sealing was crucial to avoid evaporation of liquid 

and consequent changes in supersaturation of the mother liquor during 

observations.

Using relatively high temperatures of up to 80 °C, with the microscope lenses 

effectively in contact with hot surfaces, resulted in sufficient expansion of the 

optical lenses to cause defocusing. The heated stage temperature controller 

was therefore switched on in advance to allow any lens expansion to occur 

before the experiment was started. The temperature at the centre of cell was 

found to be up to 5 °C below that of the stage, so the controller was set to 

compensate for this.

Thermal expansion of the lower portion of the cell at temperatures over 45 °C 

caused coverslip breakage. This was overcome using additional 'O ' ring 

rubber sections sandwiched between the cell lenses near the centre of the 

coverslip to prevent uneven expansion.

The initial supersaturated solution was often completely clear, depending 

upon the reagent concentrations used, so complicating proper initial 

objective focusing. It was essential for the objective to be focused on the 

correct focal plane in the cell. Focus values generated from the computer 

software were useful in this regard.

Accurate optical focusing was also impeded by the gelling nature of the 

amorphous particles, resulting in a significant z dimension. The use of a low 

solids content, however, ensured only localised gelation/flocculation rather
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than a true continuous chain, therefore minimising the problem as much as 

possible.

A combination of high numerical aperture optics (to gain maximum 

resolution but severely restricting the available working distance in the 

process) and flocculation resulted in different sections of the image 

sometimes being selectively out of focus. Rapidly capturing, to counteract the 

effects of any Brownian motion, a number of images at different focal planes 

and then producing a digitally averaged composite image was used to 

compensate for this where necessary.

The type of initial image obtained was seen to lack contrast as a direct 

consequence of using high numerical aperture optics. A sequence of steps to 

improve this image is shown in Figures 2.2, which could be executed on-line 

or post-capture. This included optimising the camera contrast, recording a 

background image of dust particles on system lenses, subtracting this from 

the original, stretching the light intensities histogram of this image to fill the 

total range available from 0 to 255 to enhance contrast and finally applying a 

high pass filter to promote high frequency information such as image details, 

edges and texture.

A light intensities histogram accompanies each image to give a quantitative 

graphical representation of the procedure being undertaken.

Experiments were carried out at a range of temperatures (30 to 70 °C) and 

synthesis recipes to investigate the synthesis mechanism of zeolite A at 

different conditions.
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In crystallisation studies the size distribution is often a useful indicator of the 

state of the system. It is more difficult, however, to obtain the size of the 

primary particles within an agglomerate. Figure 2.3 demonstrates 

segmentation to generate a binary image, thus allowing the subsequent 

sizing of these particles. The size of the individual primary particles from 

dried, gold coated, SEM samples has been found to be in the range of 0.02 to 

0.1 pm. Figure 1.2.2b. The results obtained here using dynamic samples (i.e. 

undergoing Brownian motion, growth and phase transformations) in hot 

supersaturated solutions show good agreement. Measurement of the overall 

agglomerate size can also be easily achieved, but is not relevant in this case 

due to the gelling nature of the amorphous phase.
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Figure 2.2: Image Processing Steps

Page 145



Chapter2 Materials & Methods

f t

5-Contrast Stretching

60000

45000

= 30000

15000

Grey Value

f . > *

6-High Pass Filter

eooooi

45000 11
= 30000 1
O 1

15000 1
(D 50 100 150 200 250

Grey Value

Figure 2.2: Image Processing Steps

120 p  
100 -

Partide Size (Mini

Segmented Binary Image Measured Particle Size Distribution

Figure 2.3: Particle Size Analysis

Page 146



Chapter2 Materials & Methods

3. NUCLEATION PHENOMENA 

Introduction

Nucléation plays a vital role in the formation and subsequent growth of 

crystals. The time lag between creation of supersaturation and the 

appearance of crystals is referred to as the induction period. The level of 

supersaturation, state of agitation and impurities amongst others 

considerably affect its length. Measuring induction times as a function of 

supersaturation has been found to be a useful indicator as to the mechanism 

of nucléation occurring in a system. A suitable procedure for doing this for 

zeolite A is outlined in the next section.

Experimental Procedure

A schematic diagram of the apparatus used is shown Figure 2.4. This 

consisted of a two litre stainless-steel reactor with a temperature-controlled 

water jacket. Changes during the synthesis were monitored using pH, 

conductivity and nephelometer probes, with the resulting data being logged 

on to a PC. The stirrer speed and torque values were additionally recorded.
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Figure2.4: Schematic diagram of the reactor set-up.

The nephelometer probe was initially found unsuitable for use in the 

synthesis conditions, the acrylic optical fibre tip would dissolve in the caustic 

liquids used and the electronic circuits needed to be maintained below 40 °C 

for accurate operation. The modification proposed was a water-cooled. Pyrex 

glass sleeve, with an optically clear bottom. The presence of the glass face, 

however, caused instability in the turbidity readings. The problem was 

thought to be due to stray light, emitted from the probe, reflecting off the 

glass walls onto the sensor. Silicone rubber tubing around the probe tip 

ensured light detection from only vertical reflections (i.e. the liquid solution)
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by keeping the tip as close as possible to the optical surface without touching 

(to avoid physical damage to either surface) as well as preventing any probe 

movement within the sleeve. This seemed to correct the problem and 

reproducible readings were found to be possible.

The sheer speed of changes in the system as well as the number of monitored 

variables demanded the use of electronic data acquisition hardware and 

software. Additionally, once recorded the data were subsequently much 

more accessible for later analysis in digital format than any analogue output 

from chart recorders.

The analogue/ digital conversion card in the PC was configured for bipolar 

differential input. Bipolarity was utilised since the outputs from the probe 

meters were in the range of + /-  2.5V and so this setting achieved higher 

precision and accuracy compared to the alternative unipolar setting.

The differential setting was preferred to the single-ended due to the 

sensitivity of the latter to noise picked up through input cables. Differential 

input avoided this problem by only registering the difference in voltage 

between the high side of the input channel and the return side. 

Consequently, although double the number of channels was required, 

differential input had low sensitivity to electrical noise resulting from 

common mode noise rejection.

A combination of Data Translation's Visual Programming Interface and the 

visual programming environment VEE from Hewlett-Packard were used to 

write a routine to log the data onto the computer. The routine, listed in the
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Appendix, configured each input channel for input gain /ra te /type, 

performed online conversion of the inputted data from voltages to the 

relevant units before directing the data flow to the computer's hard disc 

drive for storage in a suitable format for importing into a Microsoft ExceF^ 

spreadsheet.

The synthesis recipes and conditions used were similar to those for the 

microscopic observation studies. The required concentration of NaOH was 

made up using NaOH pearls and deionised water. This was split into equal 

quantities that were mixed with requisite amounts of sodium aluminate and 

sodium silicate solutions to make two equal volume mixtures. The silicate 

solution was placed into the reactor and heated, whereas the aluminate 

solution was heated separately to the required temperature on a hotplate 

before being added to the reactor and vigorously mixed.

Samples were withdrawn for analysis at regular intervals and the synthesis 

was allowed to continue until completion. The resulting mixture was then 

hot filtered using a sintered glass filter, before being re-mixed with pH 9 

water and refiltered a total of five times. This was done to remove any 

mother liquor in the crystals. The resulting filter cake was dried in an oven at 

50 °C, before being gently crushed and analysed by powder X-ray diffraction, 

on a Phillips PW1710 Cu-K a  machine, and scanning electron microscopy on 

a Jeol JSM 820 microscope.
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Between experimental runs, the reactor and all the instruments were 

thoroughly rinsed with dilute sulphuric acid and then water repeatedly to 

remove any residue from the previous synthesis.
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CHAPTERS. RESULTS

1. SOLUBILITY MEASUREMENTS

Thermogravimetric analyses (TGA) using a Shimadzu TGA-50 machine were 

undertaken upon both the amorphous phase and the zeolite A crystals to 

assess the water content of each powder. Figures 3.1 and 3.2. The 

equilibration at 70% R.H. for one week was found to have been effective as 

both solids were found to lose approximately 17% weight upon heating to 

222 °C, with the majority of the loss occurring around the boiling point of 

water. Consequently, differences in solubility evaluations caused by 

variations in water content within the pores of the solids could be assumed 

to be negligible.

Solubility results using IGF AES to analyse the liquid samples are shown in 

Tables 3.1 and 3.2 for the precursor and zeolite A respectively, together with 

their compositions. Table 3.3 shows available literature data for the two 

solids for comparison. Graphs 3.1 and 3.2 present the dissolved Si and A1 

concentrations for the series of caustic concentrations and range of 

temperatures studied for each phase.
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Figure 3.1 Thermogravimetric analysis of amorphous precipitate
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Figure 3.2 Thermogravimetric analysis of zeolite A crystals
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Temperature

(oq

NaOH Cone. 

(M)

[Al] 

(*103 m ol/L)

[Si]

(*103 m ol/L)

80 3.02 28.95 38.60

80 3.32 33.32 45.18

80 3.89 41.14 57.14

80 4.39 22.03 29.56

65 3.02 41.43 56.67

65 3.32 35.07 46.38

65 3.89 47.06 67.53

65 4.39 32.87 45.28

50 3.02 38.70 52.53

50 3.32 42.59 59.73

50 3.89 50.78 70.84

50 4.39 43.30 60.08

30 3.02 34.50 46.53

30 3.32 41.46 56.45

30 3.89 49.82 67.25

30 4.39 54.34 74.28

Composition: 0.93Na2O AI2O3 2.32Si02 5.'L5 H2O

Table 3.1: Precursor Solubility Data
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Temperature

(oq

NaOH Cone. 

(M)

[Al] 

(*103 m ol/L)

[Si]

(*103 m ol/L)

80 3.02 12.86 14.04

80 3.32 13.63 15.18

80 3.89 17.17 19.23

80 4.39 19.11 21.23

65 3.02 8.86 8.85

65 3.32 12.39 13.27

65 3.89 13.47 14.63

65 4.39 14.96 16.12

50 3.02 9.19 9.45

50 3.32 10.52 11.17

50 3.89 13.21 14.21

50 4.39 15.06 16.51

30 3.02 4.29 3.25

30 3.32 5.15 5.27

30 3.89 8.41 8.90

30 4.39 8.12 8.31

Composition: 0.94Na2O AI2O3 1 .9 5 Si0 2  4.23H20 

Table 3.2. Zeolite 4A Solubility Data
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Temperature

(C )

NaOH Cone. 

(M)

[Al] 

(*103 m ol/L)

[Si]

(*103 m ol/L)

25 0.5 5.25 5.18

60 0.5 6.87 6.32

80 0.5 8.75 7.48

Zeolite A Composition: 0.93Na2O AI2O3 2.32Si02 5.15H20 (Caullet et al. 1979)

65 1 11.04 11.50

70 1 11.81 11.48

75 1 11.80 11.82

80 1 10.82 11.38

Zeolite A Composition: 3.8Na20 AI2O3 2Si02 3 I IH 2O (Cizmek et al. 199

65 2 16.73 16.66

70 2 17.59 17.28

75 2 n /a n /a

80 2 17.74 17.79

Zeolite A Composition: 6.6Na20 AI2O3 2Si02 314H20 (Cizmek et al. 1991)

Table 3.3. Literature Data
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Graph 3.2. Al solubilities as functions of temperature & [NaOH]
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2. PHASE TRANSFORMATION MECHANISMS

The results of a batch experiment at 60 °C and a solids content of 3.2% (the 

exact recipe used is shown below in Table 3.4) are shown in Graph 3.3. The 

initial percentage supersaturation attained for both the amorphous phase 

(S a m ) and the crystalline phase (S z a )  together with that for zeolite A at the 

amorphous equilibrium concentration (S z b )  are also presented. The N a/A l 

ratio was set to ensure a NaOH concentration of about 3.89 M.

% Dry Solids 3.2%

Si0 2 /Al2 0 3  ratio 2

Na2 0 /Al2 0 3  ratio 17

Molecular weight 284

Mass aluminate solution (g) 86.20

Mass silicate solution (g) 67.61

Mass NaOH solids (g) 181.44

Mass H2O (g) 1153.26

Total Mass 1488.51

Table 3.4: Synthesis recipe for NAS precipitation.

Following initial changes in system variables from the immediate

precipitation of the amorphous phase even before addition of the second

reagent is complete, a further significant change is observed after a period of

about 5.5 hours. Turbidity readings are seen to fall dramatically, i.e. the

mixture is becoming clearer, before rising again to reach a steady state value.
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At the same time, pH values decrease rapidly before rising slowly and 

conductivity levels increase to a maximum before decreasing to a new steady 

state value. Graphs 3.4, 3.5 and 3.6 show similar trends to occur at 

temperatures of 50, 55 and 65 °C respectively using the same synthesis 

recipe. Supersaturation levels at the conditions used are also listed on each 

graph. The dashed lines on the turbidly plots are approximate extrapolations 

to present the likely turbidimetric activity occurring beyond the range of the 

nephelometer. These were based upon the gradient trends on either side of 

the extrapolations.

Figure 3.4 presents a time-lapse sequence of microscopic images using the 

same conditions as those in Graph 3.3. Subsequent dissolution and finally the 

appearance of the new cubic zeolite crystal phase follow the initial 

precipitation of the amorphous phase at these conditions.

Figures 3.5 and 3.6 show typical results of analysis of the initial precipitate 

formed upon mixing of the reagents. The sample was taken ten minutes after 

mixing of the reagents. The X-ray diffractogram shows no peaks so 

indicating an amorphous material. The only peaks observed were from the 

aluminium sample holder, this being a previously known problem with the 

XRD apparatus used. The SEM picture shows the amorphous phase to be 

composed of very small agglomerates of variable shape.

Figures 3.7 and 3.8 show the results of typical powder X-ray diffraction and 

SEM analyses of the final product crystals from these syntheses. They are 

clearly shown to be cubic zeolite A crystals.
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Graph 3.3: Results of batch synthesis using 3.2% solids at 60 °C.

Page 160

0



Chapter] Results

3500

3000 -

-  102500

2  2000  -

Q.

•o 1500

1000 Amorphous Phase, = ((99.90-70.84)/70.84)*100 = 41%

Zeolite Phase, = ((99.90-14.21 )/14.21 )*100 = 603%

Zeolite Phase, = ((70.84-14.21 )/14.21 )*100 = 398%

500

G)OCOO O 00OO OOOO
o
o
o

o
o
o

o
o
o

o
o
o

o
o
o

o
o
o

Time (Secs)

Conductivity (*100 [ iS/cm^)  1urbidity (NTU)

o
o
o

pH
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Graph 3.5: Results of batch synthesis using 3.2% solids at 55 °C.
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Graph 3.6: Results of batch synthesis using 3.2% solids at 65 °C.
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Figure 3.4: Time Lapse Sequence of Phase Transformation
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Fig.3.4c: Amorphous phase precipitation t=l hour
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Fig. 3.4d: Amorphous phase dissolution t=4 hours

a
V

Fig.3.4e: Amorphous phase dissolution t=4.5 hours Fig. 3.4f: Amorphous phase dissolution t=4.75 hours

• #

a

% •* ■ » . « 

# n

%
$ I # ' if?

#

Fig.3.4g: Amorphous phase dissolution t=5 hours Fig. 3.4h: zeolite phase crystcdlisation t=5.5 hours
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Figure 3.5: X-ray diffractogram of initially precipitated phase of 

synthesis at 3.2% solids & 60 °C.

Figure 3.6: Scanning electron micrograph of initially 

precipitated phase of synthesis at 3.2% solids & 60 °C.
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Figure 3.7: X-ray diffractogram of final product of synthesis at

3.2% solids & 60 °C

Figure 3.8: Scanning electron micrograph of final product of 

synthesis at 3.2% solids & 60 °C
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Graphs 3.7 to 3.9 show results for syntheses at 35, 40 and 45 °C respectively. 

The mid-synthesis drops in turbidity seen at the higher temperatures were 

not observed in these cases. Drops in pH levels were observed, however, 

shortly after the maximum turbidity levels were reached. The initial shape of 

the turbidity plot is probably due to the extra time required for the 

precipitate to form fully. Slight perturbations in conductivity levels were also 

noted at these times, except at 35 °C. XRD and SEM analyses showed the 

same results for the initial and final phases as those shown in Figures 3.5-3.8 

for temperatures over 45 °C.

Using similar synthesis conditions in the precipitation cell also showed no 

dissolution of the initial precipitate. Figure 3.9 shows the synthesis at 40 °C. 

No observable macro scale changes were seen even after a prolonged period 

of time. The only discernible changes appeared to be the slight gradual 

brightening of the agglomerates consistent with increased crystallinity. 

Crystalline material usually appears brighter than the amorphous phase as it 

transmits a greater amount of light.

Subsequent SEM analysis showed that a phase transformation had occurred 

as mainly cubic zeolite A crystals were present together with small amounts 

of amorphous material.

Graph 3.10 compares the overall times required for dissolution and 

recrystallisation based on the fall and rise of turbidity values. It would be 

expected for the two values to be equivalent if dissolution/ growth was the 

limiting factor, but this is not the case except at 55 °C. The time difference is
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approximately the same at 50 and 60 °C, where recrystallisation takes longer 

than the dissolution step. At the higher temperature of 65 °C, however, 

dissolution is seen to be the slower step.

Graph 3.11a compares the rates of turbidity change for temperatures between 

50 and 65 °C. This shows that the rate of change of turbidity increases with 

temperature and the time taken for the whole process to reach completion 

changes similarly.

The Arrhenius equation is written as:

(62) \nk = \ n A - ^

where k is the rate constant, A the pre-exponential factor, Ea the activation 

energy, R the Rhydberg gas constant and T the temperature. Graph 3.11b 

shows the use of the Arrhenius equation to calculate the activation energy for 

zeolite A crystallisation.
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Graph 3.7: Results of batch synthesis using 3.2% solids at 40 °C.
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Graph 3.8: Results of batch synthesis using 3.2% solids at 35 °C.
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Graph 3.9: Results of batch synthesis using 3.2% solids at 45 °C.

Page 172



Chapter] Results

Figure 3.9 Time-lapse sequence of synthesis at 40 °C
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Figure 3.10: X-ray diffractogram of initially precipitated phase 

of synthesis at 3.2% solids & 40 °C.
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Figure 3.11: Scanning electron micrograph of initially 

precipitated phase of synthesis at 3.2% solids & 40 °C
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Figure 3.12: X-ray diffractogram of final product of synthesis at

3.2% solids & 40 °C

Figure 3.13: Scanning electron micrograph of final product of 

synthesis at 3.2% solids & 40 °C
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3. NUCLEATION MECHANISMS

Using data from Graphs 3.3 to 3.9 to evaluate induction times for the 

syntheses allows examination of the nucléation mechanisms occurring at 

those conditions.

Changing supersaturation via different synthesis recipes was considered 

inappropriate due to the number of other factors this would also change, e.g. 

S i/ A1 and N a / A1 ratios. These variables themselves have strong influences 

on the synthesis so need to be kept constant in any analysis. Since results 

have already shown the solubility of both amorphous and zeolite A crystals 

to be temperature dependent, this was exploited to study the variation of 

supersaturation.

Depending on the physical property being followed (e.g. the appearance of 

the first visible crystals, an increase in turbidity, a concentration decrease or a 

decrease in solution conductivity), the corresponding induction period is 

designated as the induction period determined visually, turbidimetrically, by 

concentration or by conductivity (Sohnel and Garside, 1992). The induction 

period determined visually represents the sum of the times necessary for the 

critical nucleus to be formed, h, and for this nucleus to grow to visible size, tg 

(Sohnel and Mullin, 1988). Alternatively, if the induction period is 

determined by measuring the concentration of the nucleating system, then tg 

represents the time necessary for sufficient solute to be deposited on the
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nuclei such that the solution concentration will decrease by a given value 

(Sohnel and Garside, 1992).

In the zeolite A system, the initial burst of amorphous particle precipitation 

was too fast to be followed accurately by any method. Consequently, the 

induction period for the amorphous phase was defined to be the point of 

maximum turbidity, just preceding the subsequent dissolution linked drop. 

Therefore, tg represented the time required for the supersaturation to reach 

the solubility limit of the amorphous phase. Furthermore, the induction 

period for the zeolite A was defined to be the point of minimum turbidity, 

just prior to the subsequent rise in turbidity due to zeolite A crystallisation. 

Turbidimetric values could not be used for the whole range of temperatures 

studied (35-65 °C) since the required fluctuations did not occur below 50 °C. 

Consequently, conductivity changes were also used to evaluate induction 

periods. The point of mid-synthesis increase in conductivity was defined as 

the amorphous phase induction period (corresponding to the turbidity drop 

at the higher temperature syntheses) and the subsequent maximum 

conductivity point that for the zeolite phase. Results at 35 °C showed no 

conductivity fluctuations so could not be included.

Graphs 3.12-3.15 show In (tmd) versus (In S)-̂  and (In S)-2 for the amorphous 

and the zeolite A phase respectively using turbidimetrically determined 

values. Graphs 3.16-3.19 show the same using conductivity measurements. 

These conductivity-based results were utilised to calculate interfacial tension 

values, Y, as outlined by Sohnel and Mullin, 1978, and Nielsen and Sohnel,
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1971. This could only be undertaken, however, where a homogeneous 

nucléation mechanism had been indicated. An interfacial tension value of 44 

m j/m ^ was found for zeolite A, that for the amorphous phase was 39 m j/m ^ 

at temperatures over 50 °C and 48 m j/m ^ below that.
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Temp.

(o C )

Supersaturation

Amorphous

(InS)-i (lnS)-2 Amorphous T in d  

Turbidity
In (T in d ) 

Turbidity

40 0.44 -1.218 1.483 N/A N/A

45 0.428 -1.178 1.388 N/A N/A

50 0.41 -1.121 1.257 25980 10.165

55 0.44 -1.218 1.483 16940 9.737

60 0.45 -1.252 1.568 12831 9.459

65 0.48 -1.362 1.856 8212 9.013

Table 3.5a: Induction times for amorphous phase using

turbidity values

Temp.

(o C )

Supersaturation 

Zeolite A

(InS)-i (lnS)-2 Zeolite A T in d  

Turbidity
In (T in d ) 

Turbidity

40 7.65 0.491 0.241 N/A N/A

45 6.76 0.523 0.273 N/A N/A

50 6.03 0.556 0.309 29967 10.307

55 5.96 0.560 0.313 22243 10.009

60 5.89 0.563 0.318 15805 9.668

65 5.83 0.567 0.321 12154 9.405

Table 3.5b: Induction times for zeolite A phase using turbidity 

values
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Temp.

(oQ

Supersaturation

Amorphous

(InS)-l (lnS)-2 Amorphous T in d  

Conductivity
In (T in d ) 

Conductivity

40 0.44 -1.218 1.483 51791 10.855

45 0.428 -1.178 1.388 36824 10.514

50 0.41 -1.121 1.258 24250 10.096

55 0.44 -1.218 1.484 17164 9.751

60 0.45 -1.252 1.568 12042 9.396

65 0.48 -1.362 1.8569 8500 9.047

Table 3.6a: Induction times for amorphous phase using

conductivity values

Temp.

(oC)

Supersaturation 

Zeolite A
(InS)-i (lnS)-2 Zeolite A T m d  

Conductivity
In (T in d ) 

Conductivity

40 7.65 0.491 0.241 55801 10.929

45 6.76 0.523 0.273 51465 10.848

50 6.03 0.556 0.309 33575 10.421

55 5.96 0.560 0.313 21788 9.989

60 5.89 0.563 0.318 16958 9.738

65 5.83 0.567 0.321 12701 9.449

Table 3.6b: Induction times for zeolite A phase using 

conductivity values
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4. SYNTHESIS FROM CLEAR SOLUTIONS

Figure 3.14 shows a time-lapse sequence for a synthesis at a solids content of 

2.0% and a temperature of 70 °C. The resulting mixture is 1.5 % 

undersaturated to the amorphous phase but with a supersaturation of 269% 

for the zeolite A crystals. The N a/A l ratio was adjusted to produce a caustic 

concentration of about 3.89M, Table 3.7 displays the exact recipe used.

% Dry Solids 2

SI0 2 /AI2 0 3  ratio 2

Na2 0 /Al2 0 3  ratio 25.84

Molecular weight 284

Mass aluminate solution (g) 0.89

Mass silicate solution (g) 0.70

Mass NaOH solids (g) 3.13

Mass H2O (g) 20.14

Total Mass 24.88

Table 3.7: Recipe for synthesis from clear solution.

The initial particles formed were seen to grow over a period of 24 hours. 

After approximately seven hours a mixture of cubic and spherical crystals 

could be clearly distinguished. Further changes were not observed even after 

a prolonged period of time. XRD analysis identified only the presence of 

zeolite A, so it has to be assumed that the other phase present was 

amorphous. This would be logical since conditions were so close to the
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solubility of the amorphous phase. It must also be noted that a spherical 

morphology of zeolite A is also possible.
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Figure 3.14: Time lapse sequence of zeolite synthesis from clear

solution at 2% solids content.
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Figure 3.15 shows a time-lapse sequence for a synthesis at a solids content of 

1.5% and a temperature of 65 °C. This produced a mixture 35% 

under saturated for the amorphous phase but with a supersaturation of 264% 

for the zeolite A crystals. The N a/ A1 ratio was adjusted to produce a caustic 

concentration of about 3.89M, the exact recipe used is presented in Table 3.8. 

The lower solids content together with a lower temperature produces a 

decreased supersaturation, demanding the use of a slightly higher N a/A l 

ratio to maintain the caustic concentration.

% Dry Solids 1.5

SI0 2 /AI2 0 3  ratio 2

Na2 0 /Al2 0 3  ratio 28.49

Molecular weight 284

Mass aluminate solution (g) 0.81

Mass silicate solution (g) 0.63

Mass NaOH solids (g) 3.16

Mass H2O (g) 20.29

Total Mass 24.89

Table 3.8: Recipe for synthesis from clear solution.
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Figure 3.15: Time lapse sequence of zeolite synthesis from clear 

solution at 1.5% solids content.
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Time = 72 hours

As would be expected there is no amorphous phase precipitation. There is 

the initial formation of several large crystals that are followed by a large 

amount of a second phase in the background. SEM analysis. Figure 3.16, 

showed this second phase to compose of approximately 1 pm cubes. Figure 

3.17 shows a typical SEM analysis of the minor second phase also found from 

which it was believed to be a form of synthetic Gismondine, also referred to 

as zeolite P. This would be logical as this is the next most stable phase to 

which zeolite A attempts to eventually transform into. Figure 3.18 shows the 

XRD plot of the product from this synthesis. This revealed the sample to 

contain mostly zeolite A. A minor second phase was also present that could 

not be accurately identified from the diffractogram, although the computer
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suggested Natron (Sodium Carbonate) the closeness of fit was not good and 

the displacement quite high.

Figure 3.16: SEM picture of dominant phase present at 1.5%

solids content

Figure 3.17: SEM picture of second phase present at 1.5% solids

content
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Figure 3.17: X-ray diffractogram of 1.5% solids content product
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CHAPTER 4. DISCUSSION

1. SOLUBILITY

Solubility measurements of zeolite A and its amorphous precursor at 

synthesis pertinent conditions were presented for the first time. The results 

showed evidence of some clear trends in the data. The apparent scatter in 

some of the data was later found to be a true reflection of the system, 

discussed later.

The precursor clearly has much higher solubilities than the zeolite A crystals 

at similar conditions. The difference between the two phases ranges from the 

amorphous being 275% more soluble (at 80 °C and 3.02M NaOH 

concentration) to 900% more (at 30 °C and 4.39M NaOH concentration). This 

suggests that the hypothesised solution-mediated phase transformation 

mechanism proposed for zeolite A synthesis is possible. Obviously, higher 

zeolite A solubilities would have negated this possibility.

Dissolved Si concentrations are generally higher than the equivalent 

dissolved A1 concentration. The difference between the two is greater for the 

precursor, up to 40% more silicon is dissolved than aluminium, compared to 

10% for the zeolite. This could be partly attributed to the approximately 16% 

higher Si content in the analysed composition of the original amorphous 

solid compared to the zeolite A crystals.
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Zeolite solubility increased with temperature, from a [Si] of 3.25*10-3 mol/1 at 

30 °C to 14.04*10-3 mol/1 at 80 °C at 3.02M NaOH -  an increase of 432%. A 

similar trend was prevalent with caustic concentration. At a temperature of 

65 °C, an increase of 182% from a [Si] of 8.85*10-3 mol/1 at 3.02M NaOH to 

16.12*10-3 mol/1 at 4.39M NaOH was observed for the zeolite A.

The solubility of the precursor was also found to increase with [NaOH]. An 

increase of 159% occurred at a temperature of 30 °C, from 46.53*10-3 mol/1 at 

3.02M to 74.28*10-3 at 4.39M. There were, however, two apparently 

anomalous results at 4.39M NaOH concentrations. Drops of 67% at 65 °C and 

193% at 80 °C from the values at 3.89M NaOH were recorded rather than the 

expected rises.

Increasing temperature was found to decrease precursor solubility, e.g. from 

46.53*10-3 mol/1 at 30 °C to 38.60*10-3 mol/1 at 80 °C - a decrease of 20%. This 

was contrary to the trend observed for the solubility of zeolite A. This could 

be misleading since it may be due to shorter equilibration time allowed at 

higher temperatures to avoid transformation of the precursor phase. It may 

be reasonable to expect, however, for a metastable phase to become unstable 

as conditions become more favourable for the synthesis of the crystalline 

phase. Moreover, this result provides tentative evidence of a possible 

dynamic equilibrium between the two phases.

Although a direct comparison cannot be made, due to the different 

conditions used, the solubility results compare favourably w ith values 

quoted in the literature. For example for zeolite A at 80 °C, results from this
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phase. Consequently, debate still surrounds the mechanism of zeolite crystal 

synthesis.

The literature survey in particular revealed inadequate characterisation of 

the gel phase in proposed mechanisms and models to date. Examination of 

gels in general suggested that it should be considered as a phase with 

properties of solids and liquids. Consequently, it was concluded here that a 

system containing a gel consists of three components as shown in Figure 4.1.

Free Liquid in Bulk 
(In iluencedby stirrer)

Liquid Component o f  
Ciel Matrix 

Enclosed within Solid 
(Not influenced by stirrer)

Solid  
C o m p o n en t of 

C el M atrix

Figure 4.1: Schematic representation of gel phase

The solid component of the gel consists of close packed agglomerates of 

amorphous precipitate.

There are two separate constituent liquids present in the system. The gel 

liquid component is trapped and fully enclosed within inclusions between 

particles and agglomerates as well as in the pores of the particles themselves.
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study of 21.23*10'^ mol/1 at 4.39M NaOH compare well with 11.50*10-^ mol/1 

at l.OOM NaOH recorded by Cizmek et al. (1991) - particularly in view of the 

trends w ith caustic concentration already noted.

The greater scatter in the precursor results than in those for the zeolite could 

be attributed to the difficulties in equilibrating the solutions with a 

metastable phase that could easily transform into a mass of less soluble 

material. These results, however, proved to be a sufficiently accurate basis 

for the subsequent investigation into the zeolite synthesis mechanism. 

Verification of the results was provided by the results of experiments based 

on recipes derived from these solubility measurements. Furthermore, some 

apparently errant measurements were in fact proved to be quite accurate, as 

discussed in the following sections.

2. PHASE TRANSFORMATION

Zeolite crystallisation can be easily monitored using powder X-ray 

diffraction methods, but such studies have not provided information on the 

events leading to crystal formation, as highlighted by the literature survey. 

Previously, the major physical analytical techniques applied to analysing the 

crystallisation mixture have included infra-red spectroscopy, Raman 

spectroscopy and nuclear magnetic resonance. All of these have provided 

some insight into the chemical species present and the molecular events 

occurring in the polycrystalline mixture. They have been insufficient, 

however, to link to an explanation of the precipitation of the final crystalline

Page 205



Chapter 4 Discussion

The amount of liquid in the pores was revealed by thermogravimetric 

analysis results. These showed powders of the amorphous phase to contain 

almost 17% water by weight. The gel liquid component would be expected to 

be relatively immune to system changes (e.g. in mixing and supersaturation) 

as it is shielded by a dense matrix of solid particles.

The second liquid component is not constricted by the solid phase. It freely 

undergoes mixing from the action of the stirrer and is the measured 

concentration in any liquid analysis of the zeolite synthesis.

This study investigated the phase transformation mechanism of an 

amorphous gel in zeolite A synthesis at the 1.5 litre scale in a reactor vessel 

and the microscopic scale in a precipitation cell. The synthesis was studied 

over a supersaturation range by using a constant synthesis recipe for a series 

of different temperatures.

The important features of the results of these experiments at temperatures of 

50-65 °C included changes in the following:

1) Turbidity: After initial very rapid increases, sharp falls of over 1200 

NTU were observed. These were immediately followed by increases of 

a similar magnitude before a steady-state value was achieved.

2) Conductivity: Increases of up to 200,000 pS/cm^ occurred 

concurrently to mid-synthesis decreases in turbidity. Subsequent 

values stabilised at a constant.
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3) pH: Up to one unit reductions in pH were presented at the same time 

as the falls in turbidity and increases in conductivity. These were 

followed by a gradual steady increase.

4) Microscopy: Initial precipitation of amorphous floes was followed by 

complete dissolution of the amorphous phase. The final crystalline 

zeolite phase then appeared from the solution.

1. Turbidity

The initial rapid increase in turbidity, for syntheses at 50 to 65 °C, 

corresponded to precipitation of the amorphous particles and formation of 

the gel phase. The rate of turbidity increase then slowed down before a 

second distinct rate increase occurred to reach the maximum 2000 NTU 

detection limit of the nephelometer. This was most noticeable at 50 °C and 

became less so with increasing temperature until it was unobserved at 65 °C. 

It is possible that this point marked the actual start of the transformation and 

gel dissolution. As the gel starts to dissolve the matrix could break up, 

increasing the number of individual amorphous floes and releasing zeolite 

particles formed on the surface and within the inclusions of the amorphous 

phase. This would initially cause further increase in turbidity before causing 

it to decrease as gel dissolution continues. The final increase in turbidity 

results from the recrystallisation of zeolite 4A crystals.
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2. Conductivity

The initial conductivity decrease follows the amount of free liquid in the 

system, much of which becomes bound up in the gel at this time. The point 

of inflection for the conductivity occurs at a similar time to that for the 

turbidity and the pH. The following rapid conductivity rise stemmed from 

the increased volume of free liquid and consequent ions resulting from 

destruction of the gel phase and release of its liquid component. 

Incorporation of the ions into new zeolite crystals results in the conductivity 

levels finally falling again to a new steady state value.

3. pH

The initial polymerisation reaction between sodium aluminate and sodium 

silicate in caustic conditions results in a production of hydrogen ions. The 

reaction may be too fast for the pH probe to detect these ions before they 

become immediately bound up within the gel phase, especially since the 

probe can only detect conditions in the free liquid. Subsequently, upon 

dissolution of the gel, these protons are released into the free-liquid and a 

steep drop in pH is then detected.

The final pH increase coincides with the progress of the zeolite-4A 

crystallisation, as also demonstrated by Casci and Lowe, 1983.

4. Microscopy

The microscopy results provided clear evidence of a solution-mediated phase 

transformation. The greater importance of diffusion over external mixing in
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zeolite syntheses is highlighted upon comparison of the microscopy results 

with those in the 1.5-litre reactor. The times required for the dissolution and 

recrystallisation are approximately comparable at the two scales.

The gel dissolution is though to be linked to solution desupersaturation 

caused by crystalline phase nucléation and growth. It is interesting to note, 

however, that there is a complete dissolution of the amorphous phase before 

any crystalline material becomes visible. This could be explained in context 

of the colloidal nature of the gel primary particles. As discussed earlier, when 

the values of the zeta potential for colloidal particles approach zero, sols 

become unstable and clarification ensues. It is therefore conceivable that the 

pH change associated with zeolite crystallisation also causes disruption of 

the electrical state of the double layer around the amorphous particles. 

Consequently, a combination of solution desupersaturation and zeta 

potential neutralisation may both cause gel dissolution, leading to a complete 

clarification before any zeolite material is seen under the optical microscope. 

At synthesis temperatures of 35-45°C, the major features of the results were:

1) Turbidity: After initial very rapid increases a plateau was observed 

before a second rise in turbidity, although this second rise was not 

seen at 40 °C.

2) Conductivity: Only slight mid-synthesis increases in conductivity 

occurred, although no changes were seen at 35 °C.
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3) pH: Measured values of pH initially dropped sharply before a slow 

increase commenced at a point approximately corresponding to the 

second rise in turbidity.

4) Microscopy: No change was seen in the initially precipitated 

amorphous agglomerate for a long time period. The particles then 

started to become brighter and the edges slightly better defined. No 

visible evidence of amorphous phase dissolution was seen. That a 

transformation of some sort was occurring could be distinguished by 

the gradually increasing light transmission of the observed particles. A 

majority presence of zeolite A was found upon subsequent SEM and 

XRD analysis of cell contents.

These results clearly indicated an alternative to the solution-mediated 

mechanism and this will be explored before the results are discussed further. 

The usual sequence of events suggested for a solution-mediated phase 

transformation as applied to zeolite A synthesis would be as follows:

1. Upon mixing of reagents nucléation and growth of the amorphous 

precursor and crystalline zeolite A occur in a competitive process, with 

that of the former being orders of magnitude greater.

2. The rate of amorphous phase formation decreases and eventually ceases 

as the supersaturation in the free-liquid phase in the system approaches 

the solubility limit of the amorphous particles. Previous explanations (e.g. 

Kerr 1966; Zhdanov, 1971; Culfaz and Sand,1973; Barer, 1982) did not
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mention the effects of supersaturation - perhaps due to a lack of relevant 

data in the literature and offered few hints as to why steps 2 and 3 occur.

3. Amorphous particles start to dissolve due to continued formation of 

zeolite A nuclei within the free-liquid, resulting in additional decrease in 

supersaturation and increase in pH. Both of these further accelerate the 

dissolution until the amorphous phase has completely disappeared and 

only zeolite A remains. This now grows until the free-liquid 

concentration approaches its solubility limit.

This usual explanation of the solution-mediated synthesis has been found to 

be insufficient to explain the very high acceleration in zeolite A formation 

seen to occur in X-ray diffraction studies of the system (e.g. Subotic and 

Bronic, 1986; Hu and Lee, 1990). Furthermore, mathematical models based on 

this theory have also had the same shortcomings (e.g. Cook and Thompson, 

1988).

As already discussed, most of the liquid in the system is bound up within the 

gel and the above explanation fails to account for this.

It is proposed here that crystallisation activity of the zeolite phase is possible 

in any of the following three regions in the reactor:

1 . In the bulk free-liquid, i.e. not part of the gel matrix -  most previous 

studies have indicated the latter as the only site of zeolite formation (e.g 

Kerr, 1966; Dutta and Shieh, 1986; Hu and Lee, 1990).

2. At the surface of existing solid material.

3. In the liquid trapped within gel phase inclusions and pores.
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It is postulated here that a large proportion of the total zeolite nuclei in the 

system originate at sites 2 and 3. Consequently, as the gel breaks up zeolite 

nuclei and small crystals trapped in these regions would be released.

A pH increase accompanies Zeolite A formation, as discussed earlier. 

Furthermore, the solubility of the amorphous phase increases with pH  and 

so it dissolves upon formation of zeolite. Therefore, gel dissolution occurs 

not only on the outer surface of the solid particles (due to the free-liquid 

concentration) but also in the inclusions and pores of the amorphous solid 

particles themselves. The latter would be due to the formation of zeolite in 

the trapped liquid component of the gel. Consequently, a very large number 

of zeolite nuclei will be released as the gel begins to break up and dissolve 

and therefore resulting in the subsequent acceleration in system crystallinity. 

The increase in pH upon zeolite formation may be due to release of hydroxyl 

OH- ions into the free-liquid or removal from it of protons but gel dissolution 

results in a rapid decrease in pH. This may be due to the release of trapped 

hydrogen ions formed during the initial polymerisation. This would further 

accelerate the zeolite formation and gel dissolution.

The amorphous phase has already been found to become more stable and 

insoluble with decreasing temperature. Additionally, below 50 °C (at the 

3.89M [NaOH] used throughout) the gap between equilibrium 

concentrations of the amorphous and crystalline phases widens significantly. 

Consequently, a decrease of 5 °C (from 50 to 45 °C) in reaction temperature 

increases the amorphous percentage supersaturation from 41% to 42.8%, but
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from 603% to 676% for zeolite A. This can be compared to a 3% decrease for 

the amorphous material and a 6 % supersaturation increase for zeolite A 

when the synthesis temperature is reduced from 65 to 60 This suggests 

that a significant change in the system could occur at this point and this was 

confirmed by the results as discussed earlier.

It is suggested that at lower temperatures (<50 °C) the level of zeolite 

nucléation activity would be very low. Zeolite nuclei formed in the bulk at 

the lower synthesis temperatures would not grow as the slight pH  increase 

caused by their formation would be unable to counteract the effect of the 

greater stability of the amorphous phase at this temperature. Consequently, 

the amorphous particles would not dissolve rapidly as at synthesis 

temperatures above 50 °C. Within the inclusions and pores of the gel matrix, 

however, it is possible that the enclosed micro-conditions produce higher 

caustic concentrations compared to the free liquid in the bulk. The liquid 

present in these voids is likely to be unaffected by stirrer mixing as it is 

shielded by a matrix of amorphous precipitate. The OH- ions released upon 

zeolite A formation (at a much-reduced rate than at higher temperatures) 

cannot, therefore, be quickly dispersed as happens in the free-liquid. As a 

result the increase in pH accompanying zeolite A formation would effect 

dissolution of the surrounding amorphous solid and so promoting 

conditions for further zeolite A production. Eventually, sufficient 

transformation through this micro-scale dissolution would occur to result in 

an adequate increase in bulk pH to cause a small amount of macro-scale
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dissolution. This would of course be a very much slower route to zeolite A 

formation and this is borne out by the results.

The results for syntheses at below 50 °C can now be explained based within 

the context of this argument:

1. Turbidity

The initial turbidity rise marks the precipitation of the amorphous gel phase, 

whereas the ensuing plateau probably corresponds to micro-scale dissolution 

and as a result no turbidity fluctuations are observed.

The final sharp rise in turbidity is likely due to break up of the gel structure. 

This would increase the number of individual particles as well as release 

zeolite crystals previously trapped in the gel matrix, producing higher 

turbidity.

The lack of a similar turbidity increase at 45 °C, however, could be attributed 

to the insufficient range of the nephelometer. The initial zero turbidity point 

was set on the nephelometer based upon the caustic silicate solution initially 

in the reactor. Variations in ambient lighting conditions could have 

influenced the level of this setting, despite the reactor lid blocking off most 

external light. This would influence the specific NTU values detected, 

although the relative magnitudes would remain unaffected. Consequently, 

darker ambient conditions would result in the initial zero point being more 

turbid and therefore increasing the likelihood of exceeding the measurement 

range available during the course of an experiment.

Page 215



Chapter 4 Discussion

2. Conductivity

The smaller magnitudes of conductivity changes observed compared to the 

higher temperature syntheses, may be due to a substantial decrease in the 

volume of free-liquid in the system. This could result from the slower rate of 

the amorphous precipitation at the start of the synthesis allowing a higher 

proportion of liquid to become bound up in the gel matrix.

The small mid-synthesis conductivity increases possibly indicate a small 

amount of macro-scale dissolution releasing bound liquid into the system. 

This did not occur at the lowest synthesis temperature (35 °C) and it is 

therefore conceivable that macro-scale dissolution did not play a part in that 

synthesis.

3. pH

The slower gel-forming polymerisation reactions at the lower synthesis 

temperatures (below 50 °C) results in more of the protons produced entering 

the free liquid (compared to the higher temperature syntheses). This 

therefore ensures detection by the pH probe and consequently a sharp pH 

drop is recorded.

The subsequent slow pH increase is again likely to be due to the effects of 

zeolite formation as discussed earlier.
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4. Microscopy

The eventual increase in brightness of the agglomerate particles was 

probably connected to them increasing in crystallinity, since zeolite-4A 

crystals allowed higher light transmission.

Micro-scale dissolution would initially be concentrated in the pores and 

inclusions below the surface of the amorphous particles. Consequently, no 

changes at the surface of the particles would be seen for a long time period, 

as was observed. As the fraction of the particles transformed into zeolite 

increased, so greater crystallinity was seen on the surface in the form of 

higher light transmission.

The differences in the magnitudes of the changes in turbidity and 

conductivity values seen throughout the range of synthesis temperatures 

studied (35-65 °C) may be due to the different amounts of influence from 

micro- and macro-scale dissolution.

That micro-scale dissolution plays a more important role at lower 

temperatures was indicated by the falling magnitudes of the gel-dissolution 

related turbidity changes with decreasing temperatures (between 65 and 50 

°C). This suggested that the relative influence of micro-scale dissolution on 

the overall synthesis grows with decreasing reaction temperature.

The activation energy calculated for zeolite A crystallisation, 57.6kj/mol, 

compared favourably with the range of values presented in the literature of 

between 44-63 kj/m ol (Breck and Flannigen, 1968; Zhdanov, 1971; H u and
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Lee, 1990). This demonstrates that the turbidimetric methods, used in this 

study to follow the zeolite syntheses, can provide relatively accurate reaction 

rate data for the system.

3. NUCLEATION

Turbidimetrically determined induction time (tmd) values produced straight 

lines for the zeolite phase with a close fit between the data points and the 

trend lines but showed more scatter for the amorphous phase. The straight 

lines produced, however, indicated a homogeneous nucléation mechanism 

for both phases.

Examination of the conductivity-based tmd results, however, provides a fuller 

picture of the system due to the wider range of supersaturation that could be 

studied compared to the turbidity-based results.

For the zeolite A crystals a very distinct change in slope was observed. This 

clearly suggested a change in nucléation mechanism, possibly from 

homogeneous nucléation at less than 50 °C (due to the higher 

supersaturation created) to a heterogeneous mechanism at greater than 50 °C. 

The point of intersection of the two trend lines corresponded to a synthesis 

temperature of approximately 47 °C, when the supersaturation at that point 

is compared to solubility results.

For the amorphous phase a complete change in the sign of the gradient is 

present between 50 and 55 °C, although the amorphous phase 

supersaturation levels were effectively the same at 50 and 55 °C. It is likely.
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due to the very high supersaturation levels involved in the syntheses that a 

homogeneous nucléation mechanism was pertinent for the amorphous phase 

in the syntheses.

The change in sign of the trend line gradients, however, may indicate the 

production of a different phase rather than a change in nucléation 

mechanism. This view is further supported by the earlier observation that a 

change in phase transformation mechanism was seen to occur over similar 

conditions. It is possible that the primary amorphous particles formed at 

below 50 °C synthesis temperatures possessed different characteristics (e.g. of 

size, density, porosity) compared to those precipitated at higher synthesis 

temperatures. Although further investigation would be required to 

substantiate, this could explain the results. That the phase was still 

amorphous, however, was confirmed by the XRD results.

A comparison of interfacial tensions showed the amorphous phase to have a 

lower interfacial tension than the crystalline material at below 50 °C. This 

would be logical as the faster forming phase without any regular structure 

could be expected to have a lower interfacial tension than a crystal with a 

highly ordered regular lattice structure. At greater than 50 °C the amorphous 

phase was found to have a higher value, this may be linked to the change in 

transformation mechanism as discussed earlier.
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4. SYNTHESIS FROM CLEAR SOLUTIONS

Verification of earlier solubility measurements was provided by the findings 

of the syntheses from clear solution. At a solution concentration just below 

the measured amorphous phase solubility value a mixture of amorphous and 

crystalline materials was formed. At much lower supersaturation, however, 

results did not show upon analysis the presence of the amorphous phase. 

The precipitation of zeolite P in the latter synthesis, despite the relatively 

high supersaturation to zeolite A used, highlights the overall complexity of 

the zeolite system. Increasing the liquid concentration significantly would 

have brought the precipitation of amorphous material back into play, 

whereas decreasing the concentration would encourage greater amounts of 

zeolite P formation.

There are, however, many variables that could be adjusted to attem pt to 

synthesise pure zeolite A. This includes changing the N a/A l ratios, Si/A l 

ratios and the use of templating agents such as Triethanolamine, TEA. The 

latter gives the zeolite A structure but requires the use of high S i/ A1 ratios. 

The results from this study, however, have demonstrated the possibility of 

bypassing the amorphous gel phase in the formation of zeolite crystals and 

previous reports of this were not found in the literature.
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MAIN FINDINGS FROM THIS WORK

OBJECTIVE 1. Design a set of experiments to divulge the mechanism of 

amorphous sodium aluminosilicate transformation into zeolite A crystals.

• This was achieved by conceiving a novel technique to provide 

direct in-situ microscopic evidence together with larger scale 

turbidity, conductivity and pH measurements of zeolite 

syntheses.

• These were used to clearly demonstrate a solution-mediated 

phase transformation at high synthesis temperatures (50-65 °C).

• An alternative transformation mechanism was required to 

explain results at low synthesis temperatures (below 50 °C).

• The gel structure, its solubility characteristics and the colloidal 

nature of the amorphous particles were used to postulate macro- 

and micro-scale dissolution based solution-mediated 

transformation mechanisms for the high and low temperature 

syntheses respectively.

• The activation energy for zeolite crystallisation was found to be 

57.6kJ/mol.

OBJECTIVE 2. Investigation of nucléation phenomena occurring in the 

system via induction time analysis.

• This was achieved using turbidimetric and conductivity based 

induction time measurements.
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• The nucléation mechanism for zeolite A crystals was found to 

change from homogeneous nucléation at below 50 °C to 

heterogeneous nucléation at temperatures above 50 °C.

• For the amorphous precursor, a homogeneous nucléation

mechanism was indicated.

• Interfacial tension for the amorphous phase was lower than that 

for the zeolite crystals at below 50 °C but greater at above 50 °C.

OBJECTIVE 3. Examination of the possibility of bypassing the amorphous 

gel phase to crystallise zeolites directly from solution.

• This was achieved using the results from solubility

measurements to devise recipes that would not form a gel phase.

• Direct in-situ microscopic evidence was used to show the

production of zeolite A directly from a clear solution without the

formation of an amorphous gel.

CONCLUSION

The results from this study demonstrated the phase transformation 

mechanism in zeolite A synthesis. This may have important implications for 

the controlled manufacture of an important high-volume, speciality chemical 

product. There still remains much to be done but a new direction has been 

taken in zeolite synthesis research.
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SUGGESTIONS FOR FUTURE WORK

The solubility of the total solids present changes over time due to 

transformation of some of the precipitate to zeolite A crystals. 

Consequently, this could be exploited to use concentration of the free- 

liquid phase present to provide an indication as to the extent of the 

crystallisation of zeolite using the solubility results obtained in this work 

as a basis. Experimental work correlating free-liquid concentrations to 

percentage crystallinity, estimated from powder X-ray diffraction studies, 

would be required for this.

The most logical development of this work would be a population 

balance based model based upon the findings and data in this study. This 

would require proper accounting of both the amorphous and zeolite 

particle populations. The mass balances of any model would need to 

include characterisation of both the solid and liquid components of the 

gel phase as well as the free-liquid.

The importance of synthesis temperatures upon zeolite supersaturation 

and subsequent phase transformation highlights the need for 

development of energy balances in future zeolite models.

The methods developed in this study could be applied to investigate 

other systems undergoing phase transformations or where polymorphism 

is prevalent e.g calcium carbonate.
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Most industrial zeolite syntheses are currently undertaken in batch or 

semi-batch processes due to complications arising from the phase 

transformation of the amorphous precursor. The possibility of 

synthesising zeolites without the formation of a gel phase was 

demonstrated in this study. Further work is now required to investigate 

the production of pure zeolite A without zeolite P formation and to 

investigate the effects on the synthesis of using continuous reactors.
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E X C E L ™  SPREADSHEET FOR ZEOLITE COMPOSITION

CALCULATION
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A B C 0

6 5 Microscopy Recipe
6 6 Composition Calculator
6 7 C a lc u la t in g  r e a c t io n  m ix tu r e  from  s e t

6 8 o v e r a ll  c o m p o s it io n
6 9 T o ta l M a s s 2 5

7 0 le  in p u t to ta l m a s s  d e s ir e d
71 % s o l id s 1

7 2 a n d  S i/A I a n d  N a/A I r a t io s 1% Dry Solids 0.018
7 3 ! s io 2 /a l2 o 3  ratio 2
7 4 n a 2 o /a l2 o 3  ratio 2 8  4 8 9 6 7 8 7 6 9 7 9 2 7
7 5 M o le c u la r  w e ig h t = ( 1 6 4 + ( 0 7 3 * 6 0 ) )
7 6 M a s s  z e o l i t e = 0 6 9 * 0 7 2
7 7 M a s s  a l2 o 3 = ( D 7 6 /0 7 5 ) * 1 0 2

7 8 M a s s  s io 2 = ( O 7 6 /O 7 5 ) * O 7 3 * 6 0

7 9 M a s s  n a 2 o = ( 0 7 6 / 0 7 5 ) * 0 7 4 * 6 2
8 0 M a s s  h 2 o = O 6 9 / ( 2 8 4 /O 7 2 ) * ( ( 2 8 4 /O 7 2 ) - ( 1 0 2 + (O 7 3 * 6 0 ) + O 7 4 * 6 2 ) )
81 h 2 o /a l2 o 3 = ( 0 8 0 / 1 8 ) / ( 0 7 7 / 1 0 2 )

8 2 Mass aluminate solution =077/0.2
8 3 Mass silicate solution =078/0.3
8 4 Mass naoh solids =(079-(082*0.2)-(D83*0.3))*80/62
8 5 Mass h2o =(D80-(18*p84/80)-(O82*0.6)-(O83‘0!57))
8 6 Total Mass =082+083+084+085
8 7

8 8 Na20 AI203 SI02 H20
8 9 = ( ( D 8 2 * 0  2 /6 2 ) + ( D 8 3 * 0 .1 3 /6 2 ) + ( D 8 4 / 8 0 ) ) / ( D 8 2 * 0 .2 /1 0 2 ) 1 = ( 0 8 3 * 0  3 / 6 0 ) / ( 0 8 2 ‘ 0 ,2 / 1 0 2 ) = 0 8 1
9 0
91
9 2

9 3 [Si] mol/l
9 4 =((28‘D78/60)/(D84+D85)/B97)/60M000
9 5
9 6 % NaoH pNaOH
9 7 = 0 8 4 / 0 8 5 * 1 0 0 1 T 8 3 3

9 8

9 9

1 0 0 [NaOHl M
1 01 =D84/(40*D85*0.001)



Appendix

KONTRON KS300 MACRO ROUTINES

# imgload "c:\ks300\conf\tabassum \sequen~l\bkgrnd.gif",!

# root = "c:\ ks300\ conf\ ZDirect\ 2x50-1 \  " # set the common part of the

name here

root = "c:\ ks300\ conf\ ZDirect\ l-5x63-l\ " # set the common part of the

name here

for n=14,n<=300,n=n+l

# beep 500,1000

! tvinput 2  

shadcorr 2,1,3,1,0

# scalint 3,4,152,255,0,255 

imgdisplay 3

imgsave 3, root + string(n) + ".gif"

for 10=1,10 <=30,10 = 10+1 

wait 30000
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endfor

endfor

ooooot + string(n) + ".gif"

for 10=1,10  <= 120 ,10  = 10+1

wait 30000

endfor

endfor

ot + strlng(n) + ".gif"

for 10=1,10 <= 120,10  = 10+1

wait 30000

endfor

endfor

root + strlng(n) + ".gif"

for 10=1,10 <= 120,10  = 10+1

wait 30000

endfor
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end

nd

11*11imgdelete

! imgload "c:\ks300\conf\im ages\im ageste\l.im g",l

imgdisplay 1

scalint 1,2,98,255,0,255

imgdisplay 2

lowpass 2,3,37,50

imgdisplay 3

shadcorr 2,3,4,1,0

imgdisplay 4

scalint 4,5,0,237,0,255

imgdisplay 5
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HEWLET-PACKARD VEE DATA ACQUISITION 

ROUTINES
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