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Abstract

There is a continuing interest in filtration technologies capable of more efficient
filtration, particularly of small microbial particles, but which place less reliance on
the use of water treatment chemicals. In order to develop new options for granular
filtration systems, two indigenous New Zealand media, titanomagnetite (TM) and
pumice were investigated. TM was of interest because its particle size is finer than
most filtration media and its magnetic properties allow the possibility of magnetic
conditioning of the bed. A modified pumice, marketed as Silicon Sponge (SS), is
already finding application in filtration systems where its low effective density
and porous structure make it ideally suited for use as the upper layer of dual media

filters.

Particle size and surface charge are key parameters influencing the effectiveness
of a given filtration medium. Finer medium particle size improves filtration
efficiency but at the expense of lower hydraulic conductivity. Magnetic
conditioning of fine TM filtration beds was used to improve hydraulic
conductivity. Hydraulic conductivity was increased by 140% when a vertically
aligned magnetic field 0.018 T was applied. However filtration efficiency was
decreased by about 9% in the conditioned (expanded) bed. Adjustment of pH to

enhance electrostatic interactions more than compensated for this decrease.

The particulate matter of most waters requiring filtration is negatively charged.
Surface treatment to make a filtration medium more electropositive is known to
improve the medium’s filtration effectiveness. The isoelectric point (IEP) of
natural TM, even after rigorous chemical cleaning, was found to be 3.64 + 0.06
This value was confirmed by the preparation of a synthetic TM and the
measurement of its IEP. Attempts to raise the IEP of natural TM by treatment

with aluminium and iron polycation solutions were unsuccessful.

Greater success was achieved in the modification of the properties of SS by
treatment with aluminium and iron polycation solutions and mixtures of these
solutions. IEPs ranging from the 4.10 + 0.06 of acid rinsed SS to the 8.52 + 0.06

of aluminium treated SS were achieved. In addition, it was found possible to
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impart magnetic properties to fine SS by the use of treatment solutions containing
a mixture of ferric and ferrous ions. The presence of aluminium in the treatment
solutions allowed higher IEPs to be obtained but the magnetic effect was reduced.
In the absence of aluminium, the ferric/ferrous mixture gave a product with a

magnetic effect that was 7% of that observed for pure magnetite.

Filtration studies using 1.7 um negatively charged kaolin as a model negative
colloid showed that significant increases in filtration efficiency were achieved by
medium pre-treatments with the aluminium and iron solutions. For example,
turbidity removal for 710-1000 pm SS was increased from 22% to 94% by

aluminium pre-treatment.

The information on the performance of magnetically conditioned beds and the
ability to enhance filtration efficiency by surface modification using iron and
aluminium has potential applications in the design of novel systems for water and
wastewater treatment. A small-scale system based upon the use of a permanent

magnet has been proposed and work in this area is continuing.
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Chapter One: Introduction

1.1 General introduction

Efficient filtration is an essential aspect of water treatment. Continuing concerns
about microbiological quality of potable water maintains an interest in the
development of improved media that are able to remove fine suspended impurities
from natural and wastewater. Titanomagnetite (TM) and pumice are two volcanic
minerals, indigenous to New Zealand that may be useful filtration media. TM is
volcanic iron sand having fine particle size, high density and strong magnetic
properties. These features may allow it to be used in magnetically conditioned
filter beds. Pumice in contrast generally has coarse particles of low density, a
porous structure and large surface area. Pumice has already found application in
filtration technology (Moergeli and Ives, 1979; Matsumoto, et al., 1984; Hill and
Langdon, 1993; Langdon, et al., 1995) and its usefulness may be increased by

surface modification.

In mechanical filtration systems the most important medium characteristic in
determining performance is medium particle size. When the suspended particle
diameter is larger than the constriction through which the fluid flows, a straining
mechanism occurs. The finer the medium particle sizes the narrower the passages
and the more efficient the filter becomes. However the restricted flow through fine
media causes high head loss and slow filtration rates. It may be possible to
increase hydraulic conductivity of a fine bed, for example, TM, by magnetic
conditioning. Magnetic conditioning may also be useful during backwashing of

fine media.

Natural waters, domestic and industrial effluents are complex colloidal systems,
which include microorganisms such as bacteria and viruses, natural organic matter
(mainly humic substances) and clay-metal complexes. These suspended particles

are generally negatively charged and are stabilised by electrostatic repulsion.
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Removing such particles by unaided filtration may be difficult, since the
suspended particles carry a negative surface charge at the pH of natural waters and
most filter media (e.g. sand, diatomaceous earth and pumice) are also negatively
charged in this pH range. Surface treatment of filter media to form coatings of
metallic hydroxides and oxides can modify the surface charge making it more
electropositive (Lo, et al., 1997a; Ahammed and Chaudhuri, 1996). It has been
suggested that adsorptive filtration using coated sand is a useful approach to water
treatment (Benjamin and Leckie, 1981; Edwards and Benjamin, 1989a; Schultz, et
al., 1987).

The overall aim of the present investigation was to examine the usefulness of New
Zealand TM and pumice in filtration applications. We wished to determine
whether magnetic conditioning would allow the use of fine TM at useful filtration
and backwash flow velocities. Control of surface charge to render the media
positive, offered a means of removing negative colloidal particles without the use
of flocculating agents. By the use of these media in natural and modified forms it
may be possible to develop filtration systems that place less reliance on the use of

chemicals in, for example, flocculation and clarification steps.

The thesis has eight chapters. It begins with an overview of filtration technologies
and filtration media in Chapter One. Chapter Two describes the experimental
methods used in the work. Chapter Three presents and discusses the
characterisation of natural and synthetic TM as well as attempts to modify natural
TM by surface coatings of hydrous oxides. Chapter Four describes the use of TM
as a filtration medium in magnetically conditioned beds. The effect of filtration
pH on the filtration efficiency is discussed. The effectiveness of magnetic
conditioning on backwashing is also included. Chapters Five and Six deal with
modification of pumice by surface coatings of aluminium and iron hydrous
oxides. These render the media surface more electropositive (Chapter Five). In
Chapter Six mixed AIl(III), Fe(Ill) and Fe(Il) systems were investigated in
attempts prepare magnetic media with high isoelectric points. Chapter Seven

presents and discusses the results of a study of filtration using modified pumice.
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Finally, in Chapter eight a number of conclusions are drawn and

recommendations are made for the future work.

1.2 Review

1.2.1 Particles and impurities in surface water

Impurities present in raw water sources can be of many types and origins, but
broadly they can be classified as microorganisms (e.g. bacteria, viruses and
protozoa), clay and silt, inorganic species (e.g. metal hydrous oxides) and organic
substances (e.g. natural organic matter, synthetic organic chemicals and

disinfection by-products). Pollutants from human activities include:

e Nutrients from fertilizers and sewage effluents i.e. nitrogen and

phosphorus compounds.

e Carbonaceous impurities from sewage effluents, intensive livestock

enterprises and food processing.
e Toxic chemicals from agricultural areas, mining sites and industry.
e Suspended matter and salinity from land clearing and over-irrigation.

Most of these impurities, including pathogenic organisms and natural organic
matter, lie in the general colloid size range (1 nm-10 um). Figure 1.1 shows a size
spectrum of waterborne particles (Stumm, 1977). Bacteria and algae have sizes in
the upper colloid range, whereas viruses are in the middle of the range. Colloids
with diameters less than about 1 wm remain suspended in water because their
sedimentation velocity is less than 10™* m/s. These small particles, at the pH of
natural water, are generally negatively charged (Hunter and Liss,1982; van der

Mei, et al., 1993).
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e Viruses & bacteria

Bacteria range in size from about 0.2 pim to 2.0 um or more in length or diameter,
but most bacteria in natural habitats tend towards the smaller end of this scale

(Michael, et al., 1997).

10°'° 10° 10" 107 10 10°% 10* 10° 107
) } Diameter ( um)
| L I 1
Zooplankton
Molecules | 1 |
Phytoplankton
|
Colloids
I
Suspended particles
|
Virus Bacteria & Protozoan
Algae
Clay-humic-metal complexes
Figure 1.1 Particles and dissolved impurities in natural and wastewater

Generally, bacteria form stable colloidal suspensions in water despite the fact that
the size of the cells exceeds the normal upper limit assigned to colloidal particles.
This results partly from mutual electrostatic repulsion between the negatively
charged bacteria and partly from the fact that the density of the bacterial cells is
only slightly greater than that of water. The electrokinetic properties of bacteria
may be determined by microelectrophoresis of cells suspended in buffers of
different pH. Despite the presence of positively charged surface ionogenic groups
on many bacteria, the net charge on bacterial cells at neutral pH values is strongly
negative (Marshall, 1976). The surface ionogenic properties of bacteria result
from the particular chemical constitution of the cell envelope (wall) of the
bacterium in question as well as the properties of exopolysaccharides (EPS)

produced by the organism.
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Different bacteria exhibit varying degrees of cell surface hydrophobicity, and it is
believed that this characteristic is important in determining the extent of adhesion
of bacteria to solid surfaces (Rosenberg and Kjelleberg, 1986). The overall
colloidal nature of bacterial cells provides some insights as to why they readily

adhere to so-called inert surfaces.

Although most metabolic functions of bacteria are localised within the plasma
membrane, it is the cell wall and extra-cellular components that are in contact
with the external environment and, hence, play a vital role in bacterial adhesion
and biofilm properties. Bacteria have the simplest of cellular structures (termed
prokaryotic cells) yet the cell envelopes of these organisms are remarkably
complex. Most bacterial cells possess a rigid cell wall that is responsible for the
characteristic morphology of the cell and for its structural integrity under variable

osmotic conditions.

e Protozoan parasites

Giardia and Cryptosporidium are protozoan parasites that can be found in
contaminated water. If water treatment is inadequate, drinking water may contain
sufficient numbers of these parasites to cause illness. Low levels of both parasites,
especially Giardia can cause an intestinal illness called giardiasis or "beaver
fever". Cryptosporidium is responsible for a similar illness called
cryptosporidiosis. Research has shown that both Giardia and Cryptosporidium are
highly resistant to chlorine, a commonly used water disinfectant (Smith, et al.,
1991). Membrane filtration or flocculation followed by granular filtration is
currently the principal means of removing these organisms during the water. The
development of filtration media capable of removing these organisms without the

need for the flocculation step was one of the central ideas of the current work.
e Algae

Algae are large and diverse assemblages of eukaryotic organisms that contain
chlorophyll and carry out oxygenic photosynthesis. While most algae are of

microscopic size and hence are clearly microorganisms, a number of forms are
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macroscopic, e.g. some seaweeds which grow to over 30 m in length (Michael, et
al., 1997). Algae abound in nature in aquatic habitats, both freshwater and marine.
Algae are also found in moist soils and artificial aquatic habitats like fish tanks
and swimming pools, and in temporary pools of water formed from rainwater
runoff. Taste and odour usually arise from algae and decaying vegetable matter.
Algae growth can be prevented by limiting the nutrients present in effluents
discharged to sensitive receiving waters. This is difficult if sources are diffuse.
Copper sulphate may be added to reservoirs to minimise algae production.

Dissolved air flotation can be used to remove algae from drinking water.
¢ Inorganic colloids < 1 um

Inorganic colloids have the potential to contaminate water with trace elements.
Among the industries regulated for potential trace element pollution of water are
the chlor-alkali, hydrofluoric acid, sodium dichromate (sulfate process and
chloride ilmenite process), aluminium fluoride, chrome pigments, copper sulfate,
nickel sulfate, sodium bisulfate, sodium hydrosulfate, sodium bisulfate, titanium

dioxide, and hydrogen cyanide industries.
e  Organic colloids & polymers

Sewage from domestic, commercial, food-processing, and industrial sources
contains a wide variety of organic pollutants. Some of these pollutants,
particularly oxygen-demanding substances, oil, grease, and solids, are removed by
primary and secondary sewage-treatment processes. Others, such as salts, heavy
metals, detergents, phosphates and refractory organics, are not efficiently removed

(Manahan, 1994).

Studies have found that in addition to the microorganisms, other small particles in
natural water at neutral pH are almost always negatively charged (Hunter and
Liss, 1982; van der Mei, et al., 1993). This result suggests that all particles be
covered with a common coating. While silica, clays, feldspars would be expected
to be negatively charged, particles of iron and aluminium oxides should be

positively charged at natural pHs (Stumm and Morgan, 1996). Coatings of
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hydrous oxides of iron, aluminium and perhaps manganese would not be
consistent with the high negative charge observed. A more consistent explanation
is that the particles are coated with humic substances whose hydrolysable acidic
functional groups could easily give rise to negative charge (Neihof and Loeb,

1972; Hunter, 1980; Tipping, 1981; Loder and Liss, 1985).

1.2.2 Filtration technologies

The stages of the classical scheme of a full-scale physico-chemical purification
process are shown in Figure 1.2. Flocculating agents are introduced to transform
suspended impurities into settable solids. Some dissolved species may also be
removed. Products of coagulation are removed by sedimentation or flotation,
depending on the charge and hydrophobicity of suspended particles. Additional
reagents (poly-electrolyte) are introduced to intensify these processes. Only parts
of the dissolved contaminants are removed in this way. The remainder can be
removed by ion exchange or adsorption. While most of the flocculated material
can be removed by sedimentation or flotation, filtration is needed to remove

residual particles.

Raw Flocculating Flotation Mechanical Ion
—water P agents —P /sedimentation — filtration —— exchange

Clean

— Adsorption |g——— Disinfection

Figure 1.2 Typical scheme of full-scale physico-chemical water treatment

Ion exchange and adsorption stages utilise synthetic sorbents and ion exchange
matrices to remove dissolved materials. Depending on the raw water quality and
the required level of purification, some or these stages may be omitted. A problem
associated with the use of chemical reagents in water treatment process is the
possibility of formation of chemical residuals and by-products. Regeneration of

ion-exchange resin by backwashing with brines results in secondary pollution due
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to spent solutions. Activated carbons, which are known as the best sorbents of
organic materials, are expensive and have a low efficiency for the removal of
many polar or hydrated molecules (Smith, et al., 1991). These factors have led to
a continuing interest in the development of more efficient and more ecologically

clean processes for water and wastewater treatment.

Water filtration is a physical process for separating suspended and colloidal
impurities from water by passage through a porous medium. It is a very important
unit operation in the treatment process and many technical papers have been
written on the subject. A wide variety of filtration technologies have been
developed to deal with a large number of industrial and municipal water treatment
problems. Filters can be classified by filtration rate (slow, rapid and high rate),
pressure (gravity, vacuum and pressure filters), direction of flow (down-flow, up-

flow, bi-flow and cross-flow filters) and medium (granular and membrane filters).

Many different types of granular filters have been designed. They are all based on
the fundamentals of sand bed filtration (Degner, 1990; Apelian, et al., 1985). They
differ in method of media placement, influent flow direction, method of operation
and facilities for backwashing. The use of modified media has improved filtration
efficiency. For example organically modified clay or organically filter media have
a capacity for removal of oil that is seven times greater than conventional

activated carbon (Alther and Biomin, 1999).

A porous ceramic dual media (PCDM) filtration system using porous ceramic
nozzles (tiles) as a support and underdrain system and a modified pumice (Silicon
Sponge) with high surface charge and large surface area upper layer has allowed
filtration rates to be increased (Hill and Langdon, 1993). Yong (1997) reported
that this filtration system allowed higher filtration rates, longer running time and
slower headloss development than a conventional filter. Andrews (1993) reported
that the use of the PCDM system in conjunction with micro-filtration was
successful in the removal of Cryptosporidium and Giardia from a municipal
drinking water. It is possible that advanced granular media will eliminate the need

for membrane filtration.
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Membrane filtration technology for water purification has been applied for a long
time. Membrane filters are classified as surface or screen filters. Particles are
retained on the surface of the filter or within a depth of 10-15 pm. It is this
characteristic that distinguishes membrane filters from deep bed filters, which trap
particles within the filter matrix. Membrane filters are capable of retaining
microorganisms and particles by mechanisms other than a simple sieving action.
Microbes and particles may be adsorbed by the filter, react with the membrane
itself, or may be retained on the membrane by coagulation. Membrane filters can
be used to filter large volumes of drinking water containing low concentrations of
microorganisms (Onitsuka, 1996; Yagi, 1999; Kunikane, et al., 1996). Membrane
filters are widely applied for treatment of dye industry effluent (Crossley, 1998).
In the semiconductor industry, membrane filters are used to prepare ultra-pure
water (Ulieru, 1998).

Magnetic filtration is another kind of filtration technique used in water treatment
and magnetic separation processes. Because of their magnetic and heat-resistant
properties, magnetic filters are capable of operating in hostile environments with
high temperatures and high pressures. Algae and heavy metals have been removed
by high gradient magnetic filtration (HGMF). Yadidia, et al. (1977) reported that
laboratory HGMF algae removals above 90% were obtained. Terashima, et al.
(1986) reported removal of heavy metals, including mercury, from gas scrubbing
wastewater from a municipal solid waste incineration plant. About 70% of heavy

metals were removed (Terashima, et al., 1986).

Another magnetic technique for water and wastewater treatment is the
SIROFLOC process (Bolto, et al., 1975). The SIROFLOC process relies on the
ability of surface activated magnetite particles to destabilise and coagulate
colloids and to adsorb impurities from the water. This process for water
clarification possesses a number of advantages over conventional water treatment
methods. It replaces the conventional water treatment by means of the classic
coagulants [FeCls, Al,(SO)4], with a suspension of finely milled and sorted
natural magnetite (size 5-10 um) (Anderson, et al., 1982b; 1983; Kolarik, 1983).

A positive charge appears on the surface of magnetite in acidic media and as a
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result, negatively charged particles of impurities contained in untreated water are
attracted to the surface of the magnetite grains. In alkaline media the surface of
magnetite is negatively charged and therefore the negatively charged impurities
are repelled from the surface of the magnetite. In acidic media magnetite acts as
an adsorbent of impurities, which desorb in alkaline media. In this way it is

possible to regenerate and re-use the surface of magnetite indefinitely.

The formation of charges on the surface of magnetite can be described

schematically as follows:
In acid medium: =Fe~OH+H" &= Fe-OH,"
In alkaline medium: =Fe-OH+OH &=Fe-0 +H,0

The SIROFLOC process offers greatly improved kinetics of clarification and
sedimentation, which translates into capital cost savings and most importantly
avoids problems of sludge disposal. The highly concentrated effluent produced by
regenerating the magnetite, is of low volume and its disposal is much easier than
that of the highly gelatinous sludge from conventional plants (Bolto, et al., 1975;
1990; Anderson, et al., 1980).

Other filtration techniques such as pressure filtration and capillary filtration have
also found unique advantages in some applications. Pressure filtration has been
successfully used in the treatment of cyanide-bearing tailing pulp and gold
recovery (Chen, et al, 1998). Recycling of filter liquor decreased the water
consumption and investment in tailing pool facilities as well as providing better
safety conditions. The use of capillary filtration with ceramic filters in mineral
processing is an efficient liquid-solid separation method (Rantala, 1994). Other
new filter systems such as membrane-stack cloth filters, magnetic filters, and bio-
filters require careful studies to ensure technical feasibility under long-term
conditions. The trend toward the use of less chemicals may lead to a return to
slow sand filter applications (Boller, 1994). In the future, membrane filtration,

particularly ultra-filters, will also have to be considered as an alternative to
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conventional multistage schemes for the treatment of drinking water and industrial

effluents.

1.2.3 Theory of filtration

Filtration with granular media has long been applied in treatment of municipal and
industrial waters, as well as in wastewater treatment. This process has been widely
employed, thoroughly investigated and greatly improved. A number of papers
have rationalised the various theoretical concepts developed during last quarter of
a century and have provided a better understanding of filtration technology
(Maroudas, 1965; Mintz, 1960; Yao, 1971. Beckett, 1990). Development of a
clear understanding of the filtration process is useful in the evaluation and control
of the performance of existing facilities. It also helps the design engineer cope
with increasing variation in raw water characteristics and to obtain maximum

benefits from new filtration technologies and equipment.

There are a variety of parameters that affect the performance of filters. These
include filtration rate, media, headloss, backwashing, temperature, particle size,
hardness, pH and other influent characteristics. The relationships of these
parameters to filter performance are extremely complex. To understand these
complex factors, the retention force between media and particle and the filtration

mechanisms are required.
Retention forces

When particles pass through the filer medium, retention forces will act on them.
These forces can be classified into five broad categories: axial pressure of the
fluid (the fluid pressure may hold a particle against the opening at a constriction),
friction forces (a particle wedged in a crevice may have been slightly deformed
when stopped and may remain in place by friction), surface forces (these include
the van der Waals forces, which are always attractive), electrical forces (which are
either attractive or repulsive according to the physicochemical conditions of the
suspension) and chemical forces (in the case of colloidal particles) or in other

cases, actual chemical bonding may occur.



Chapter One: Introduction 12
b e

Sites

Under retention forces, the particles may become immobilised at the sites. Figure
1.3 shows several types of retention site (Nunge, 1970). These include, surface
sites (Figure 1.3 a), where a the particle is retained on the surface of a porous bed
grain; crevice sites (Figure 1.3 b), where the particle becomes wedged between
the two convex surfaces of two grains; constriction sites (Figure 1.3 c), where the
particle is too large to penetrate into a pore (a diameter limit exists above which
no particle can penetrate the constriction); cavern sites (Figure 1.3 d), where the

particle is retained in a sheltered area or small pocket formed by several grains.

I

Figure 1.3 Retention sites. a) Surface sites. b) Crevice sites. ¢) Constriction sites. d) Cavern
sites.

Transport steps

Transport steps are a combination of factors including: straining and interception,
sedimentation, inertial impacting, hydrodynamic interaction and diffusion, which
bring particles into contact with grain surfaces where they are immobilised.
Generally these mechanisms are additive and depend on the particle size. (Mackie

and Bai, 1993; Rushton, et al., 1996).
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Straining or interception. Straining is the simplest of the collection mechanisms
and occurs when the particle diameter is larger than the constriction through
which the fluids flow streamlines pass. The grain size plays an important role in

this mechanism as narrower passages are found with smaller grained media.

Sedimentation. When the fluid flow is directed downwards through a filter,
gravitational sedimentation effects will cause particles to settle vertically as the

flow distorts around the grain.

Inertial impacting. The particles do not follow the same trajectories as the fluid.
They deviate from the streamlines, when the direction of the trajectories changes

suddenly. They can be brought into contact with the bed grains.

Hydrodynamic interaction. Because of the non-uniform shear field and the non-
spherical shape of the particles, hydrodynamic effects may occur. These effects
can cause a lateral migration of suspended particles bringing them into contact

with retention sites.

Diffusion. Particle diffusion allows particles to reach sites, which are not normally
irrigated by fluid flow. It is generally accepted that particle diffusion is only

applicable for particles of diameter less than 1 pm (Rushton, et al., 1996)

For any given filter bed, it is often difficult to assess which are the most important
mechanisms. For large particles (d >= 30 um), volume phenomena, i.e., friction
and fluid pressures prevail over surface phenomena, and capture mechanisms may
involve sedimentation and direct interception. Maroudas (1965) found the
important parameter to be the ratio d/d, (d particle diameter, d; medium diameter).
For d/d,> 0.15, the medium is irreversibly blocked and a filter cake is formed. For
d/d, < 0.0065, the retention is always low. For intermediate values of d/d,, a partial
blocking of the porous bed may occur. This depends on particle shape and bed

porosity.

For mean grain size of 3 < d < 30 um, it was found that volume phenomena and
surface phenomena often were of the same order of magnitude. Generally retained

particles are considered to occupy only surface sites but some investigators
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suggest that the particles can be wedged between the grains in crevices or
constrictions. Surface effects may be neglected when d >10 um. van der Waals

forces, in spite of their low range, are sufficient to explain the contacting of small

particles with bed grains.

For particles of diameter of the order of 1 um, surface phenomena prevail. The
specific surface area of the bed is important. Particles occupy surface sites and are

retained by van der Waals forces and electrostatic forces.

Colloidal particles (d < 0.1 um) are retained solely by adsorption process €.g. van

der Waals forces and electrostatic forces.

Yao (1971) found that the interception and sedimentation played the most
significant part in the capture of relatively large particles (> 5 um). The minimum
particle size for efficient mechanical removal was about 1 um. In contrast, for
submicroscopic particles (< 1 um), diffusion intervenes. Intermediate particles (1
to 5 wm) diffuse slowly and are also inefficiently removed by mechanical

mechanisms.

In water and wastewater treatment, many suspended particles are 1 um or smaller
(viruses, bacteria, a large portion of the clays, and a significant fraction of the
organic colloids). Removing such particles by filtration is difficult, since they
carry a negative surface charge at the pH value of natural waters and most filter
media (e.g. sand, diatomaceous earth and pumice) are also negatively charged in
this pH value range. Furthermore, the pores formed in granular filtration beds are
generally much larger than 1 um. A key to improving removal of these colloid
impurities from water is to make the media surface more electropositive in the

natural water pH range. This will enhance electrostatic interactions.

When a solid particle is immersed in a polar solvent such as water, it usually
acquires a surface charge by adsorbing or desorbing ions according to some
chemical equilibrium. For example, hydrous oxide surfaces have surface groups

that undergo proton association—dissociation reactions of the type:
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Ht -
—M—OH;(—_—M—OH\)OH —M—0_+H20

where —M represents the metal atom. Thus, the surface is positively charged at
low pH and becomes negatively charged at high pH (Figure 1.4). At the IEP the
total charge on the surface is zero and the electrical repulsion between two such

surfaces is diminished.

Commonly used filter media, which have low isoelectric points (IEPs) (e.g. sand
and diatomaceous earth) are effective against positively charged flocs but are less
effective against unflocculated negative turbidity particles. For the negatively
charged particles of unflocculated water, filtration relies on mechanical
mechanisms such as straining, interception and sedimentation for particle
removal. Modification of the media surface chemistry to increase IEP should

improve filtration efficiency.

g

-M-OH,"

’\ IEP
" /

H
- -M-OH P
M-O
Figure 1.4 Typical variation of surface potential, &, with pH for a metal oxide surface.

Surface charge has the same sign as surface potential. At the IEP, the surface has no net charge.

1.2.4 Filtration media

Over last fifty years, there have been many studies of the performance of the
various media. Examples include granular media, weave media, filter cloth, filter
paper, wire mesh, cotton, wool, linen, glass fibre and rayon. The optimum type

often depends on the properties of the suspension and specific process conditions.
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The filtration medium is the most important part of a filter and the successful
performance of a filter is largely dependent on the use of a suitable filtration
medium (Rushton, et al., 1996). It takes on the main functions of the filter. The

principal role of the filtration medium is to separate particulate solids from a

flowing fluid with minimum consumption of energy.

A good filtration medium should:

e be able to remove a wide size distribution of solid particles from the

suspension.
e offer minimum hydraulic resistance to the filtrate flow.
e allow easy discharge of cake.
e be resistant to chemical attack.
¢ not undergo swelling when in contact with filtrate and washing liquid.
e be heat-resistant within the temperature ranges of filtration.

e have sufficient strength to withstand filtering pressure and mechanical

wear.

e Dbe capable of avoiding wedging of particles into its pores.

In recent decades there have been numerous developments in the field of water
processing involving low cost, natural, granular materials. The behaviour of
granular filtration medium is complex. The factors that affect the performance of
the filter medium include composition, particle size, uniformity coefficient, shape,
porosity, specific gravity and bed depth. The most important medium
characteristics that determine performance are medium composition, medium
surface properties, medium size and medium depth. Examples of novel media

include minerals such as zeolites, clay minerals, micas, pumice, TM and iron and
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manganese oxides, hydroxides and oxyhydroxides present in various geological
environments and soil formations. Properties such as crystal structures
characterised by intracrystal micropores (channels or interlayer void spaces)
providing high microporosity/surface area and other physico-chemical properties
such as catalytic activity and sorptive/ion-exchange capacity, contribute to the

usefulness of these materials as filtration media (Misaelides, 1999).

The possibility of applying mineral media to remove organic substances, heavy
metals (HM) and inorganic ions from wastewater has been extensively
investigated (Spevakova, 1994). Many natural minerals display ion exchange
properties due to their composition and crystallographic structure. Their utilisation
for removing HM is a promising alternative to the use of very expensive ion-
exchange resins and chemical treatment technologies (Zorpas, et al., 1999; Ouki
and Kavannagh, 1999). They produce no toxic by-products in the treated water,
the sludge is easily dewatered and the metals can be regenerated and reused.
Natural minerals can be used to enhance the traditional purification processes of
coagulation, sedimentation, flotation and filtration. Application in drinking water
treatment is favoured due to their non-toxicity and ability to remove
microorganisms. For similar reasons they are widely used in the food industry and
medicine. Some minerals, such as TM sand and pumice exist in vast quantities.
TM possesses high density, fine particle size and strong magnetic properties;

pumice has a highly porous structure and a large surface area.
Below are some examples of the use of natural minerals in water treatment.

e Silica sand is the cheapest and most commonly used medium for
mechanical filtration of solutions containing suspended solids.
Determining characteristics are the grain shape and size, mechanical
strength and chemical inertness. There have been many studies of the
evolution and effectiveness of silica sand filtration (Trussell and Chang,
1999; Marin, et al., 1992). Silica sand also shows very good results for the
removal of certain ions (Dudeney, et al., 1999; Brodsky, et al., 1978).

Coating silica sand with various metal oxides and hydroxides has
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improved filtration efficiency. Sansalone (1999) reported good results for
the treatment of urban acid rainfall. Janda and Rudovsky (1994)
investigated silica sand covered with manganese for the removal of
ammonia from drinking water. The efficiency of ammonia removal was

large than 90%.

e Garnet and magnetite have densities approximately twice that of silica
sand are often used as a fine layer at the bottom of a filter. A fine dense
madium at the base of a filter acts as a polishing step removing fine
suspended particles in triple media filters. Watson (1989) compared four
types of filter media for water purification and found that the
anthracite/sand/garnet filter provides excellent removal of algae,
particulate organic C, Fe and turbidity. Multimedia filtration generally
produces a higher quality drinking water (Brown, et al., 1996; Barnett, et
al., 1990; Xia, 1989).

e Precoated diatomite or perlite filters are effective for removal suspended
particles < 1 pm. Perlite is a water-containing glassy volcanic rock. On
rapid heating, internal water transforms rapidly into steam, which expands
and modifies the material’s structure. Ostreicher (1977) investigated the
efficiency of the negatively charged, high surface area filter media
diatomaceous earth and perlite, for removal of suspended solids < 0.7 um
from water. They found that the media when modified with a melamine-
formaldehyde cationic colloid, had higher efficiencies than untreated
materials. Expanded perlite is characterised by a fine network of
spheroidal fractures and its filtration characteristics are very similar to
those of diatomite. Due to their extremely low densities, the materials are
used for intensification of flotation processes, and as a replacement for
flocculants and surfactants (Martin, et al., 1993). The porous and intricate
structures of diatomite and expanded perlite have been used to make a
composite filtration medium (Palm, et al., 1997). The composite medium

offered unique properties such as increased permeability, low speed
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centrifugal wet dewatering, low cristobalite content, and uniquely shaped

particles.

e Zeolites such as clinoptilolite and mordenite are abundant minerals. They
have a skeleton structure that allows ions and molecules to reside and
move within the overall framework. The structure contains open channels
that allow water and ions to travel into and out of the crystal structure. The
size of these channels controls the size of the molecules or ions and
therefore a zeolite like mordenite can act as a molecular sieve, allowing
some ions to pass through while excluding others. Due to these distinct
properties they are widely used in water and sewage purification, ammonia
and HM removal, ion exchange in radioactive wastewater treatment,
removal of oil pollution from water and adsorption of other components
from liquid and gaseous phases (Colella, 1999; Piaskowski and Anielak,
2000). The effectiveness of certain zeolites for extracting HM, Pb, Zn, Cu,
Cd, Fe Mn, Ni, Cr from water has been demonstrated as meeting required
quality standards (Zorpas, et al., 1999; Ouki and Kavannagh, 1999);
Clinoptilolite has been used to remove cesium and strontium from
radioactive wastes produced in reprocessing nuclear fuels (Sikalidis, et al.,
1989); and to remove ammonia and coliforms from sewage streams
(Abdullaev, et al., 1981; Reyes, et al., 1997). Reyes found that turbidity
removal was similar to that of sand. A filter packed with zeolite had lower
pressure losses and better hydraulic behaviour. A maximum ammonia N
removal of 95% was obtained and the total coliform removal was
approximately 100% when using particle sizes of 0.35-1 mm. The mineral

is also used as a filler and bulking agent in the manufacture of paper.

e Clay minerals. Chemically, almost all clays are hydrous silicates
(principally of Al or Mg), which on heating lose adsorbed and
constitutional water. Their structures are with a few minor exceptions,
based on composite layers. Most occur as plate particles in fine-grained
aggregates, which when mixed with water yield materials with varying

degrees of plasticity. The particles of clay minerals may vary from colloid
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dimensions to above 1 um, which can be seen in an ordinary microscope.
They are used in water purification processes mainly as an additive during
coagulation and flocculation. Many clay minerals show marked ion
exchange and sorption properties. Kaolinite and hydromica show lower
cation exchange, but their anion exchange is higher and may be attributed
to the presence of replaceable OH ions on the outside of the structural
sheets. Kaolinite and alumina (AL,Os), are used as additives to intensify
the coagulation process and to allow better dewatering of sludge. The
ability of kaolinite to fix phosphate ions, which cause eutrophication, is

also of importance (Iwamoto, et al., 1977).

e Montmorillonite is the main representative of bentonites, which are
mixtures of more than one clay mineral. Bentonites are known as
“swelling” clay minerals in that they can take up water or organic liquids
between their structural layers. Cation exchange involves inter-layer
exchange cations, usually Na* or Ca®* and Mg®*. Montmorillonite was
found to be effective in removing cationic dyes, such are highly oxidised
organic substances for which abatement by all other techniques had failed
(Sethuraman and Raymahashay, 1975; Subbotina, et al., 1985).
Introduction of bentonite clay together with coagulant and flocculant
intensifies coagulation by up to six times, enhances microorganism
removal by up to 99.9%, gives better colour reduction and higher
extraction of HM (Zn, Cu, Cd, Cr, Hg) (Iwamoto, et al., 1977) and
ammonium ions (Polyakov, et al., 1977). The ability of bentonites to
remove microorganisms is of importance as it involves a low cost and
simple technology. Fine clay particles form aggregates with
microorganisms, which causes destabilization of microorganism
dispersions. Similarly, theoretical and experimental studies indicate that
dispersed sheet silicates, due to their exchange and sorption properties are
more effective sorbents of nonionic surfactants and water-soluble

polymers than activated carbon.
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e Vermiculite possesses the highest cation exchange capacity and surface
charge among clay minerals. The crystallographic structure of vermiculite
includes inter-layer water molecules. When vermiculite is heated rapidly,
steam generated escapes separating the layers by a phenomenon called
exfoliation. Vermiculite generally has a larger grain size and when
exfoliated it provides a low-density material (similar to perlite) for use in
filter beds, flotation processes and water surface cleaning (Martins and
Fernandes, 1992). Vermiculite has found increasing application in the field
of pollution abatement. It is being used for the removal of Cs-137 from
radioactive wastewater (Sikalidis, et al., 1989); recovery of HM (Pb, Cu,
Zn, Cd) and ammonium ions from rinse water of a plating plant (Hiromi,
et al., 1984). Vermiculite also shows the property of absorbing organic

liquids between its layers.

e Magnetite has a high density and magnetic properties. It may be used in
the bottom layers of a multimedia filters and can also be used in magnetic
seeding processes. One application is the SIROFLOC process (Dixon,
1991; Anderson, et al., 1980). The SIROFLOC process is a technique for
potable and technological water conditioning (colour, turbidity removal).
Magnetite particles of size 1-10 pm are employed at pH 5-6. A 1% slurry
in the raw water at this pH will remove about half the turbidity and colour
through electrostatic interaction involving the positive surface charge of
the magnetite (Anderson, et al., 1980; Kolarik, 1983). Other potential
applications are removal HM, phosphates, nitrates, dyes and organic
compounds from industrial sewage and in the remediation of contaminated
ground water. Also, valuable components from process solutions and
slurries of pharmaceutical and food processing industries can be
selectively adsorbed and separated. (Gusev, et al., 1991; Bryan, et al.,
1990; Drakhlin, et al., 1983; De Latour, 1975; Yadidia, et al., 1977).

e Ignimbrite and pumice are light, relatively soft, porous rocks formed by
the compaction and cementation of volcanic ash or dust (Beresford, 1997).

They cover vast areas in New Zealand, Guatemala, Peru and Yellowstone
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National Park in the United States. Natural pumice, which has essentially
the same composition as ignimbrite, is formed by explosive release of gas
from molten volcanic glass during eruptions. It possesses a porous
structure and relatively large surface area. It has proven to be a useful
media in filtration applications allowing more vigorous backwashing
(Moergeli and Ives, 1979; Matsumoto, et al., 1984). The large proportion
of free silica sites at the grain surfaces leads to a reaction with water to
form hydroxyl groups, resulting in a negatively charged surface (Hill and
Langdon, 1993). Positively charged flocs from secondary treatment
processes are therefore readily removed. A thermally modified pumice
(marketed as Silicon Sponge (SS) by Works Filter Systems, Hamilton,
New Zealand), allowed greater filtration rates, longer running times and
slower headloss build-up compared with conventional filter sand (Yong,
1997). In order to extend the usefulness of pumice, some studies have
modified its surface properties with coatings of iron oxide and manganese
dioxide (Sharma, et al., 1999; Sims, 1993). It was found that the capacity
for adsorption Fe’* from ground water was much higher than untreated

pumice.

e Titanomagnetite (TM). Natural TM is derived from erosion of andesite
and rhyolite volcanoes and is concentrated by longshore currents and wave
and wind action (Draham, 1980). New Zealand TM, being magnetic,
shares some of the characteristics of the magnetite used in the SIROFLOC
process. Its magnetic properties and high density may allow it to find
application as a filtration medium. The IEP of TM has not been reported.
Because of it magnetite content, it is possible that the value will be higher
than conventional filtration media. A novel application of TM has been the
development of a porous ceramic material (Silicon Suppliers, 1994). This
material has found application in porous ceramic filtration nozzles (Hill
and Langdon, 1991). To date however, TM has not been exploited in the

treatment of waters.
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1.2.5 Surface coatings

Natural sand has long been used as a filter medium in water treatment. However,
to be effective for the removal of contaminants such as bacteria and viruses, rapid
filtration needs to be preceded by pre-treatment such as coagulation. Coagulants
such as aluminium or iron salts form polycations, which cause negative particles
to stick together. Pre-polymerised Al(III)/Fe(Ill) coagulants are currently used
extensively in Japan, many European Community countries, the USA and China
for drinking water and wastewater treatment. It is claimed that pre-polymerised
coagulants have the following advantages over conventional metal salt coagulants

(Leprince, et al., 1984; Tenny and Derka, 1992):

e Better overall purification efficiency.

Better floc-separation.

Wider working pH range

e Less sensitivity to low temperature

Low residual Al or Fe concentrations in the treated water.

According to Stummn and O’Melia (1968), the main function of Al(III)/Fe(III)
chemicals used to treat water is to form a series of Fe(II) or AI(III) hydrolysis
products with cationic potentials which can be strongly adsorbed on to negatively
charged particles, reducing their charge and consequently reducing the double

layer electrical repulsion energy.

Precipitates of metal hydroxides are known to be good adsorbents for bacteria and
viruses, and have been used in the concentration of viruses by many workers
(Walter, et al., 1985; Vilangines, et al., 1982). Some attempts have been made to
improve filtration media by coating with hydroxides of iron, aluminium and

magnesium (Merkle, et al., 1994, 1996).
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Iron oxide coated media

Iron oxide, which commonly presents as amorphous ferrihydrite, has proven to be
an excellent, regenerable adsorbent for removing metals from solution over a wide
pH range (Edwards and Benjamin, 1989a; Stenkamp and Benjamin, 1992) and
from low concentrations (Bailey, er al., 1992). A process of coating iron oxide
onto the surface of sand was developed to allow the medium to be used in a
packed column reducing the cost of sludge disposal (Edwards and Benjamin,
1989b). Numerous studies of iron oxide coated sand have been carried out for the
removal of natural organic matter (NOM) (Chang, et al., 1997), Cr(VI) (Bailey, et
al., 1992; Liu and Huang, 1998), arsenic (Joshi and Chaudhuri, 1996), Se(IV) and
Se(VI) (Lo and Chen, 1997b), zinc (Stahl and James, 1991a), copper and lead
(Lai, et al., 1994, 2000), cadmium, chromium (Satpathy and Chaudhuri, 1995)
and other heavy metals (Benjamin, et al., 1996 and Lo, et al., 1997a). It was
reported that pH during the coating process played a very important role in iron
oxide formation and subsequent heavy metal removal. The species of iron oxide
prepared at higher pH tended to be goethite, which had better adsorption
efficiencies, but had poorer acid resistance. Coated sand produced at higher
temperature had enhanced metal adsorption efficiency and greater stability (Lo, et

al., 1997a).

Aluminium coated media.

A number of aluminium hydroxides, oxyhydroxides, and oxides are found in
nature and can be prepared in the laboratory. This group of materials generally has
high zeta potential and high isoelectric point compared with other materials
(Parks, 1965). This particular feature renders them more positively charged in
water and able to adsorb negatively charged particles. The primary function of the
coating of AI(OH); on filter media is to make the surface of the filter media more
electropositive, thus facilitating colloidal attachment. Gao, et al. (1999) studied
the removal of effluent turbidity, total organic carbon (TOC), chemical oxygen
demand (COD) and manganese by sand and Al coated sand. They found the

absorbance at 254 nm of effluent treated by Al coated medium was much lower
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than that of water treated by untreated sand. Chen, et al. (1998) used aluminium
hydroxide coated sand for removal of bacteria from wastewater. They found that
over a 4-month period following an initial conditioning effect giving, an increase
in bacterial removal capacity, bacterial removal capacity gradually decreased to
that of uncoated sand. Biogrowth on the sand accelerated this decline. The
aluminium content of coated sands decreased by approximately 25% over the first
two weeks and then remained relatively constant and well above that of uncoated
sand. Similarly, the zeta potential at the pH of the wastewater decreased over the
first two weeks form above + 20 to — 70 mV, which was still significantly more
electropositive than that of uncoated sand. Zeta potential of coated sand without
biogrowth subsequently remained approximately constant, while that of coated
sand with biogrowth increased gradually. This result suggests that in the absence
of biogrowth, the effective lifetime of the aluminium hydroxide coated sand is
approximately 4 months, whereas with biogrowth, the effective lifetime is reduced
to approximately 3 months. This information is of importance for assessing the
technological potential as well as economic implications of aluminium hydroxide

coating of filter media.
Manganese dioxide coated media.

Manganese dioxide in the mineral form pyrolusite, has been used in water
treatment for bacterial removal and sorption of iron. Hydrous manganese dioxide
is a synthetic material and a well-known ion exchanger. It has been studied
extensively as a material for the removal of toxic impurities, such as actinides,
mercury and arsenic from wastewater. The removal of pollutants from water by
MnO; can be carried out by two distinct mechanisms. These are ion exchange and
redox chemistry. The latter mechanism is used for the removal of arsenic from
water. However, most of the applications of this hydrous oxide rely on ion
exchange. Inorganic ion exchangers, such as manganese dioxide, act
predominantly as anionic exchangers at low pH and cationic exchangers at higher
pH. In acidic conditions the hydrated proton reacts with the MnO; surface to give

an anionic exchange site.
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Mn02 + H+(aq) — Mn02H+

In alkaline conditions the hydroxyl ion reacts with the MnO, to produce a surface

for removing cationic species.
MnO, + OH" 4y = MnO,(OH)~

The pH for the change from anionic to cationic behaviour can be obtained from
zeta potential measurements. The cationic capacity of the dioxide increases and
the anionic capacity decrease with increases in solution pH (White and Asfar-
Siddique, 1997).

Knocke and Hamon (1988), Knocke, et al. (1991) studied the removal of soluble
manganese by both artificial manganese oxide coated sand and the uncoated sand
from a filter, which had been used for manganese treatment. Stahl and James,
(1991b) used wet oxidation and dry oxidation procedures to coat MnO; onto filter
sand for the removal of zinc. White and Asfar-Siddique (1997) carried out a study
of manganese and iron removal using hydrous manganese dioxide prepared in two
ways. In the first method MnO; was produced by the reaction of hydrogen

peroxide on potassium permanganate as shown below:
2Mn04_(,,q) + HZOZ 4 2Mn02 + 20H—(aq) + 202

In the second method, MnO,was prepared by reaction of manganese sulphate with

potassium permanganate as shown below:
3Mn** i) +2MnO 4,y +2H,0 — 5Mn0O, +4H" o)

The manganese dioxide produced by the first method was found to be an excellent
material for the removal of iron and manganese from water. Results obtained from
this work have demonstrated that the manganese oxide coated media have high
adsorption capacity for manganese at pHs above the zero zeta potential pH of 4.4

(White and Asfar-Siddique, 1997).
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1.2.6 Magnetic conditioning

In separation technology, magnetic stabilisation has been applied to gas-liquid,
solid-liquid and gas-liquid-solid systems (Boehm and Voss, 1999; Clement and
Jovanovic, 1997). Magnetically stabilised fluidised bed (MSFB) technology is a
promising example of a magnetically assisted process, which permits design of
more favourable operating conditions lying outside the normal range. The
magnetic properties of the particles provide a new adjustable parameter for
managing the process (Moffat, et al., 1994). A number of studies have found that
magnetic field intensity, media properties and fluid properties have strong effects
on hydrodynamic characteristics of a MSFB (Ganzha and Saxena, 2000; Bohm, et
al., 1999). In particular a magnetic field can impart a degree of structural
organization in an expanded bed, so that on subsequent packing the media is not
randomly packed, but somewhat ordered. This ‘conditioning’ of the bed is
expected to alter its hydraulic conductivity. The use of magnetically stabilised

expanded beds for water filtration has not been extensively studied.

1.2.7 Backwash technology

After a period of filtration, the filter bed becomes loaded and clogged since large
amounts of suspended particles are retained in the filter medium. When the
development of filter headloss is such that the filter can no longer produce water
at the desired rate, or the effluent quality deteriorates due to terminal
breakthrough, the filter must be cleaned by backwashing. Adequate backwashing
is an important stage for all types of filters. Incomplete backwashing will cause a
filter to deteriorate quickly, resulting in short filter runs and poor quality effluent.
It also causes the formation of mud balls, in which the compacted particles
accumulate and grow by adhering to each other and to medium grains at the
surface of the bed. The mud balls grow increasingly compact and eventually reach
a density great enough to cause them to sink into the sand or to the bottom during

the backwashing period. They badly affect filter performance (AWWA, 1971).
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Backwashing with water alone at a flow rate great enough to fluidise the media
bed is known to be an inherently inefficient cleaning process due to the limited
number of collisions between the media grains, therefore, auxiliary wash methods

have been employed (Page and Amirtharajah, 1995).

Firstly, surface scour as an auxiliary wash method was developed. There are two
kinds of surface scour systems: fixed systems and rotary systems. Usually, they
are operated before the up-flow backwashing (AWWA, 1971) in order to prevent
the formation of filter mud balls and improve the cleaning of the top-most
medium layer. An extra sprinkler is required. Surface wash by jets of water adds
from 75 to 275 mm/min of water to the backwash (about 400 mm/min). A
expansion of about 10% is induced before the jets are directed into the sand (Fair
and Geyer, 1965).

Secondly, air scour as an auxiliary wash method, has been commonly employed in
filter backwashing. The use of air scour under a condition known as collapse-
pulsing has been proven to be the most effective method of filter cleaning. Air
scour provides the agitation necessary to promote intergranular collisions and
abrasions lacking in a fluidised water wash. Air scour has been applied in several
modes: (1) air scour alone followed by subfluidized water backwash; (2) air scour
alone followed by water backwash sufficient to fluidize the media bed; and (3) air
scour simultaneously applied with subfluidized water backwash. Several studies
have concluded that the air scour simultaneously applied with subfluidized water
backwash provides optimum cleaning (Page and Amirtharajah, 1995). Air scour
generally proceeds at a rate of 0.75 to 1.25 m*/m*min. of filter for several
minutes. An extra air supply system is required for the backwashing with air

scour.

Thirdly, mechanical raking as an auxiliary wash method also improves backwash
performance. The rakes used for mechanical agitation of the media should
penetrate the active or expanded media layers. They generally reach to within 50
to 75 mm of the gravel. The raking arms revolve at a rate of 8 to 9 rpm. The teeth

are often wedge shaped and are spaced at 150 mm center to centre. Upward flow
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is held to between 5 and 7.5 mm/s (Fair and Geyer, 1965). An extra motor and

rakes are required.

1.3 Specific research objectives

The central aim of the research reported in this thesis was to determine whether
granular filtration media, in natural or modified forms, could be used to allow
efficient water filtration with less reliance on the use of chemicals, particularly for
flocculation. We believed that this might be achieved by the use filtration media
of fine particle size and/or modified surface characteristics. Two indigenous New
Zealand materials, SS and TM have characteristics that should be useful for this
work. TM exists in much finer grains the majority of water filtration media and its
high density and magnetic properties offer potential advantages. For example, the
magnetic property of TM offered the possibility of using MSFB technology to
achieve greater hydraulic conductivities and improved backwashing. Also TM,
because of its magnetite content, was expected to have an IEP higher than
conventional silica sand filtration media. SS, because of its vesicular structure
posses high surface area and so should enhance the effects of surface
modification. Specific research objectives to address the central aim are outlined

in Section 1.3.1, 1.3.2, 1.3.3 and 1.3.4 below.

1.3.1 Filtration by a fine magnetic medium: TM

Natural TM concentrate occurs as a fine (75-300 um diameter) magnetic sand. We
wished to determine whether the fine particle size facilitates the removal of fine
colloids and whether the magnetic properties allow greater hydraulic conductivity
to be achieved during filtration using a MSFB. By analogy with the similar
material, magnetite, it was considered likely that TM would also have charge
properties that would facilitate the removal of negative colloids. To test this

proposition, the isoelectric point of natural TM is required.

Particle size is an important medium property contributing to filtration efficiency.

The current work will investigate a range of TM particle sizes in compacted beds
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and magnetically conditioned expanded beds to determine the filtration

efficiencies and flow rates that can be achieved using this medium.

1.3.2  Modification of TM surface chemistry

Because of the importance of media surface charge characteristics, studies of the
IEP of natural TM and its synthetic analogues are necessary. Modification of TM
surface chemistry may allow optimisation of performance. The aim of this work
will be to develop treatments that will allow control over the surface charge of
TM. Coating of the TM particles with films of hydrous oxides of Al, Fe and Mn
provide a possible means whereby this could be achieved. Other treatments
including thermal modification, oxidation and reduction may also be effective in

modifying surface properties.

1.3.3 Modification of pumice media

Pumice, for example the modified pumice material marketed as SS, is finding
application in filtration. The porous nature and large surface area of the pumice
granules make this material suitable for loading with hydrous oxides and mixed
hydrous oxides. In this way it should be possible to prepare media with
controllable surface charge. We wished to trial the ability of pumice media,
modified to produce high IEP, to remove negative colloids. The porous structure
of pumice also allows for the possibility of loading the grains with sufficient
magnetite precursor chemicals to incorporate enough magnetite into the particles
to provide useful magnetic properties. This may make it possible to use

magnetically conditioned beds of fine pumice materials in filtration applications.

1.3.4 Magnetic conditioning during backwashing

A difficulty likely to be encountered when fine media are used are low filtration
rates and loss of media during backwashing. Magnetic conditioning offers a
means of overcoming both problems. Magnetic stabilisation of the bed in an

expanded state should increase hydraulic conductivity during filtration and allow
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higher flow velocities during backwashing. Optimum backwashing was expected
to be achieved when flow velocity reached the maximum that could be sustained

without destabilising the conditioned bed.
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Chapter Two:  Analytical Methods and

Materials

2.1 Introduction

In this study TM and pumice filtration media were investigated. They were
characterised by a variety of physical methods including X-ray diffraction (XRD);
scanning electron microscopy (SEM) and energy dispersive analysis of X-rays
(EDAX); optical microscopy; Brunauer-Emmett-Teller (BET) analysis of surface
area and pore size; inductively coupled plasma (ICP) analysis; isoelectric point
(IEP) measurement; density measurement; magnetic susceptibility by Gouy
method and particle size analysis by laser light scattering. Equipment for TM
fabrication included a high energy mechanical mill (SPEX 8000 mill), a stabilized
zironia ball mill and a ceramic tube furnace. Details of procedures used are

described in the following sections.
2.2 Materials

2.2.1 Titanomagnetite

TM was supplied by BHP New Zealand Steel Limited. It was further purified
magnetically, rinsed thoroughly with tap water and oven dried at 100°C over
night. The dried samples were suspended in 0.1 mol/L. HCI solution for 20 min,
stirred at 500 rpm, after which the supernatant was decanted. This procedure was
repeated another three times. The samples were then rinsed thoroughly with
distilled water and oven dried at 100°C for 24 hr. TM prepared in this way is

referred to in this study as acid-rinsed titanomagnetite (ARTM).
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2.2.2 Pumice

The pumice used was the commercial product, Silicon Sponge (SS), provided by
Works Filter Systems, Hamilton, New Zealand. The SS was first rinsed
thoroughly with tap water to remove impurities and then suspended in 0.1 mol/L
HCI solution over night. The HCI solution was decanted and the pumice rinsed
with distilled water and dried in an oven at 100°C for 24 hr. This material is

referred to as acid-rinsed Silicon Sponge (ARSS).

2.2.3 Kaolin suspensions

For filtration studies, suspensions of kaolin were prepared from Clay Ceram
Powder (supplied by Waikato Ceramics, Hamilton). The typical chemical and
physical properties are summarised by the manufacturer in Table 2.1. Suspensions

were prepared by adding the Clay Ceram Powder to tap water.
The following procedure was used:

e Kaolin powder was dispersed in distilled water in a beaker at a

concentration of 5 g/L and allowed to stand for 24 hr.

e The supernatant was decanted and discarded, a further 2 L of distilled
water was added and the suspension allowed to stand for 15 hr and the

sediment discarded.

e The suspension remaining was labelled kaolin stock solution (KSS).

e The suspension used for filtration trials was prepared by adding 84 mL
KSS per litre distilled water.

The suspension prepared in this way was stable, had consistency of 35.68 mg/L,
an initial turbidity of 42 NTU and a pH of approximately 5.7. The particle size
distribution of the suspension was examined by a Laser Diffraction Particle Size

Analyser (Malvern Mastersizer-S, Malvern Instruments Ltd. Spring Lane South,
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U.K.) and found to lie in the range 0.1- 6.0 pm (volume distribution) and the

maximum in volume distribution occurred at a particle size of. 1.07 um.

In order to investigate the effect of pH on the particle size distribution, the pHs of
a series of kaolin suspension were adjusted over the range from 3.42 to 13.02,
equilibrated for 24 hr, and examined for particle size distribution. The results
show that pH does not effect the particle size distribution. Data are summarised in

Appendix 2.1.

Table 2.1 Typical chemical and physical properties of Clay Ceram Powder

Name Formula Assay
Silica SiO, 52.6%
Alumna AL O, 32.3%
Magnesia MgO 0.4%
Ferric Oxide Fe,O3 0.7%
Lime CaO 0.1%
Potash K,O 0.5%
Soda Na,O 0.2%
Titantum Dioxide TiO, 1.0%
Loss on Ignition 1000°C 12.0%
Property Units Value
Specific Gravity 2.66
Surface Area (m%/g) 2.87
Oil Absorption (mL/100g) 43
Bulk Density (compacted g/cm’) 0.8

Isoelectric point (IEP) (pH) 2.70 = 0.10
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2.3 X-ray Diffraction (XRD)

X-ray diffraction is a versatile, non-destructive analytical technique for
identification and quantitative determination of various crystalline materials. A

basic instrument for such study is the Bragg spectrometer (Figure 2.1).

\\{ 1
'i

Matched
filters

Figure 2.1 Bragg spectrometer

Nearly monochromatic x-rays are produced in an x-ray tube. In order to eliminate
as much of the brehmsstrahlung continuum radiation as possible, matched filters
are used in the x-ray beam to optimise the fraction of the energy, in the K-a line.
Such filters use elements located in the Periodic Table just above and just below
the metal in the x-ray target, making use of the strong "absorption edges" just

above and below the K- a energy of the target metal.

The x-rays are collimated with apertures of a strong x-ray absorber metal (usually
lead) and the narrow resulting x-ray beam is allowed to strike the crystal to be
studied. The spectrometer arrangement couples the rotation of the crystal with the
rotation of the detector so that the angle of rotation of the detector is twice that of

the crystal.
The principle of XRD is based on the Bragg Law (Lipson and Steeple, 1970):

nA =2dsiné 2-1



Chapter Two: Analytical Methods and Materials 49
e ————

Incident Reflected
beam beam

—— 0 —@0
dsing—"

Figure 2.2 Illustration of an X-ray beam reflected by planes

Where 8 is the angle of reflection; d is the lattice spacing; A is the wavelength of
the x-rays; and n is the order of the Bragg reflection (Figure 2.2). The Bragg law
can be applied experimentally to determine the d-spacing by using X-rays of
known wavelength A, and then measuring 6. Alternatively, to determine the
wavelength A of the radiation, a crystal with planes of known d-spacing is used
and @ is measured. X-rays are characterized by a series of line sets, referred to as
K, L, M, etc. Only the K lines are useful for x-ray diffraction. There are several
lines in the K set, but only the three strongest (Ko;, Ko, and Kf3;) are observed in
normal diffraction work. The o, and o; components have wavelengths very close
to each other (for example, Ka; = 1.540 A and Ko, = 1.544 A for a copper target)
so they are not always resolvable as separate lines. The intensity of Ka,, is always

approximately twice that of Ko, (Cullity, 1978).

Crystal structures consist of unit cells. A unit cell is the smallest architectural unit
needed to describe a crystal structure. The axial lengths (a, b, c¢) of a unit cell and
the angles between them (¢, [ 7) are the lattice constants or lattice parameters of
the unit cell. By giving special values to the axial lengths and angles, various
shapes of unit cells can be defined. Only seven different kinds of unit cells are
necessary to include all possible crystals. These correspond to the seven crystal
systems into which all crystals can be classified, as listed in Appendix 2.2,
Bravais (Cullity, 1978) demonstrated that there are exactly fourteen possible point

lattices in the seven crystal systems, as shown in Appendix 2.2. The cardinal
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principle of crystal structure is that the atoms of a crystal are set in space either on
the points of a Bravais lattice or in some fixed relation to those points.
Specifically, structures which have points only at the corners are called ‘simple’
structures, those with points at the corners and an additional one at the centre of
the lattice are called ‘body-centred’ structures, and those with points at the corners
and in the middle of all faces are called ‘face-centred’ structures (Lipson and
Steeple, 1970).

The orientation of a plane on a lattice can be represented by Miller Indices (kkl),
which are defined as the reciprocals of the fractional intercepts, which the plane
makes with the crystallographic axes. The interplanar spacing du is a function
both of the Miller indices (hkl) and the lattice constants (a, b, ¢, & B 7). For
example, in a cubic system, the interplanar spacing takes on a relatively simple
form (Equation 2-2). In tetragonal systems, both a and ¢ are involved in the

interplanar spacing calculation, as shown in Equation (2-3) (Cullity, 1978).

a

d,6 =—F—
hkl NRE+ K2+ 12 (2-2)

a
JR+ K+ (alc) (2-3)

dyy =

In this study the materials were analysed by using a Philips X-Pert system
diffractometer, with a generator setting of 45 kV at 40 mA using Cu ko X-ray
radiations and a graphite monochromator. The patterns were obtained using a
0.02° step size averaging for 5 second per increment. X-ray pattern analysis, o,
elimination, smoothing and background subtraction were performed using a

Philip’s software package.
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2.4 Scanning electron microscopy (SEM) and energy-dispersive

analysis by X-ray (EDAX)

Scanning electron microscopy (SEM), with its high resolution, is widely used for
microstructure analysis. With a large depth of focus, it can quickly document the
specimen microstructures of particle size and shape, agglomerate shape and
roughness of fracture surfaces. With an energy-dispersive spectroscopy
attachment, microscale-semiqualitative chemical analysis can be obtained greatly

aiding the interpretation of the composition and the purity of the powder.

In this study scanning electron microscopy (SEM) and energy-dispersive
spectroscopy (EDAX) were performed using a Hitachi S4000 SEM and a Kevex
microanalyser attached to the SEM system. Particle surface condition, particle
size, porosity and distribution were observed by the SEM. The elements present in
the samples were determined by EDAX. Samples examined by EDAX were
coated by a thin film of platinum by vacuum vapour deposition to prevent built up

of electrostatic charge.

2.5 Optical microscopy

Optical microscopy examination was carried out using an Olympus BX60

microscope, which was equipped with a Polaroid Digital Camera.

2.6 Isoelectric point (IEP)

In all aqueous colloidal systems, the charges of the solid/liquid interfaces play a
decisive role. Surface charge of materials is typically estimated by measuring the
electrokinetic potential (zeta potential &) at the shear plane of the electrical double
layer. There are many ways to determine this parameter. The most widely used
methods are micro-electrophoresis, potentiometric titration and streaming

potential.
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The apparatus used in micro-electrophoresis include such brands as Zeta-Sizer-4
automatic apparatus (Malvern Instruments Ltd.) and Zeta Meter (Zeta-meter, Inc
New York). For this method the samples must be fine and light enough to remain
suspended for the duration of the experiment. The method is of limited use in
measuring zeta potentials of coarse and high density particles. In this study in
order to measure IEP of heavy particles of TM, SS, magnetite, iron oxide and
aluminium oxide, a MUTEK PCD 03 instrument (Miitek Analytic Inc. Germany)

was used.

Practically all solids particles in water carry electric charges. This leads to a
concentration of oppositely charged ions, the so-called counter-ions, at the
surfaces. If these counter-ions are separated from, or sheared off the particle, a
streaming potential can be measured. A streaming potential of zero denotes the
point of zero charge, i.e. all existing charges in the sample are neutralized. If the
measured potential is unequal to zero, its sign indicates whether the surface charge
is positive (cationic) or negative (anionic). The potential itself is a relative
parameter that depends on different influential factors, such as electrical
conductivity of the sample dispersion; sample viscosity; molecular weight,
particle size and temperature. The potential caused by the velocity difference
between the particles and the fluid can be measured. The necessary shear flow is
induced by periodic movement of a piston in a cylinder filled with the suspension
to be investigated. Acceleration and deceleration of the particles causes a
measurable potential. Data for variation of potential (mV) with the pH value of

the suspension allow the isoelectric point (IEP) of the particles to be determined.

In order to confirm the validity of results obtained by the streaming potential
method, IEPs of pure commercial aluminium oxide powder (RC-SP DBM, 0.69
um, supplied by Malakoff Industries, Inc. Virginia) were studied by both the Zeta-
meter and MUTEK PCD 03 instruments. The Zeta-meter IEP value was 5.6 £ 0.1
which compares favourably with the MUTEK PCD 03 value of 5.8 £ 0.1.
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2.6.1 Measuring principle of Mutek PCD 03

Streaming current measurements with the Mutek PCD 03 instrument are based on
the following principal (Figure 2.3): the central element is a plastic measuring cell
(1) with a fitted displacement piston (2). If an aqueous particulate sample is filled
into the measuring cell, particles will attach themselves to the plastic surface of
the piston and on the cell walls under the action of van der Waals forces. The
counter-ions remain comparatively free. A defined narrow gap is provided
between cell wall and piston. Driven by a motor (4), the piston (2) oscillates in the
measuring cell (1) and creates liquid flow, which entrains the free counter-ions,
thus separating them from the adsorbed sample material. At the built-in electrodes
(3), the counter-ions induce a current which is converted to a potential, rectified
and amplified electronically (5). The streaming ¢ potential is shown on the display

(6) with the appropriate sign.

B

I LAl

1 plastic measuring cell 2 piston
3 electrodes 4 motor and piston
5 electronics 6 display

Figure 2.3 Schematic of Mutek PCD 03 instrument

2.6.2 IEP measurement with Mutek PCD 03

All samples used in this work were ground to particle size < 250 um, the amount

of sample for each measurement was 0.01 g, de-ionized water was used for the
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measuring solution. The measuring procedure was according to the Mutek manual

(Mutek Analytic Inc. Germany). The essential steps are set out below.

e 0.01 g samples were dispersed in the volumes of 30 mL de-ionized water.
o The measuring cell was filled with the sample.

e The piston was inserted into the measuring cell.

e The measuring cell was fixed in the instrument with the electrodes facing

towards the rear.

e The piston was locked into position. The measuring cell is correctly positioned

if the piston can be hooked in the bayonet catch easily.

e The streaming potential was indicated on the display when the motor was

turned on.

e The value was recorded after 30 seconds when the potential signal had

stabilized.

e Using a measuring pipette, titrant (0.01 mol/L HCI or NaOH) was added drop-
wise into the measuring cell and streaming potentials were recorded as a
function of pH which was also displayed. The pH at which the streaming
potential was zero was obtained by extrapolation. This was the point of zero
charge. The pH value at the point of zero charge is the sample IEP under the

conditions of the measurement.

2.7 Inductively coupled plasma (ICP)

The amount of coating materials deposited on the media was determined by the
Inductively Coupled Plasma (ICP) method. The advantages of ICP analysis are
that various metals can be determined simultaneously and different wavelengths
can be adopted for sensitive measurement of one element over a large range of

concentrations. The instrument used was a GBC Integra Inductively Coupled
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Plasma Optical Emission Spectrometer (ICP-OES) (GBC Scientific Equipment

Pty Led, 1997), with a wavelength range from 160 to 800 nm, a RF generator 1.5
kW 40 MHz and installed ICP software.

An ICP source consists of a flowing stream of argon gas ionised by an applied
radio frequency field typically oscillating at 27.1 MHz. This field is inductively
coupled to the ionised gas by a water-cooled coil surrounding a quartz “torch” that

supports and confines the plasma.

A sample aerosol is generated in an appropriate nebuliser and spray chamber and
is carried into the plasma through an injector tube located within the torch. The
sample aerosol is injected directly into the ICP, subjecting the constituent atoms
to temperatures of about 6000 K to 8000 K. These result in almost complete
dissociation of any molecules present and a significant reduction in chemical
interferences can be achieved. The high temperature of the plasma efficiently
excites atomic emissions. lonisation of a high percentage of atoms produces ionic
emission spectra. The ICP provides an optically “thin” source that is not subject to
self-absorption except at very high concentrations. Thus linear dynamic ranges of

four to six orders of magnitude are observed for many elements.

The efficient excitation provided by the ICP results in low detection limits for
many elements. This coupled with the extended dynamic range, permits effective
multielement determination of metals. The light emitted from the ICP is focused
onto the entrance slit of either a monochromator or a polychromator that effects
dispersion. A precisely aligned exit slit is used to isolate a portion of the emission
spectrum for intensity measurement using a photomultiplier tube. The
monochromator uses multiple fixed exit slits and corresponding photomultiplier
tubes. It simultaneously monitors all configured wavelengths using a computer
controlled readout system. The sequential approach provides greater wavelength
selection while the simultaneous approach can provide greater sample throughput

(APHA, et al., 1992).
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The measurement procedure includes calibration with each batch of samples.

Common analytical procedures are summarised below (GBC Scientific

Equipment Pty Ltd, 1997):

* Line selection. An individual emission line or lines for each element to be
analysed must be selected prior to the analysis. Wavelength scanning is
used ensure that the desired concentration range will not cause signal
saturation, nor be masked by the background. The wavelengths selected

for the measurement of iron and aluminium is 372.0 nm and 396.2 nm.

e Normalisation. In order to compensate for changes in the instrument
response, low reference and high reference are nominated when calibration

is first set up.

e Set photomultiplier tube (PMT) voltages to adjust sensitivity for optima

measurement condition.

e Start the plasma by pressing the yellow plasma ignition switch. Warm up

the instrument for 30 min before analysis.
¢ Run standards and blank. Fit the curves.

e Perform an Auto Run to run the samples with auto-sampler. A full
calibration was carried out between each sixty samples to ensure the

sensitivity of measurement.

2.8 Brunauer-Emmett-Teller (BET)

In this study the medium surface area and pore size were examined by
Quantachrome NOVA - 1000 gas sorption analyser (Quantachrome, Syosset, NY,
USA). The medium sample was placed in a cell and out-gassed at 100°C
overnightt The NOVA 1000 can perform rapid and accurate sorption
measurements of nitrogen gas on solid surfaces using liquid nitrogen as the
coolant. The samples were tested by two different methods: 1) 3 point BET for the

measurement of the specific surface area, 2) 25 point Barrett-Joyner-Halenda
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(BJH) desorption for the measurement of pore size distribution. The measurement
condition is Pg =775.46 mm Hg; Adsorption tolerance = 0.1000; Desorption
tolerance = 0.1000; Adsorption equilibrium time = 60 sec; Desorption equilibrium

time =60 sec; Adsorption dwell time 180 sec; Desorption dwell time = 180 sec.

The principle of surface area and porosity measurements are based on Brunauer-
Emmett-Teller (BET) method (Brunauer, et al., 1938), which is the most widely
used procedure for the determination of the surface area of solid materials. It
involves the use of the BET equation (2-4):

1 1 c-1 P

Wi P -1 wc we'r 2-4)

where W is the weight of gas adsorbed at a relative pressure P/Py and W, is the
weight of adsorbate constituting a monolayer of surface coverage. The term C, is
the BET constant and is related to the energy of adsorption in the first adsorbed
layer and consequently its value is an indication of the magnitude of the

adsorbent/adsorbate interactions.

For the single point BET method with nitrogen, the C value is usually sufficiently
large to warrant the assumption that the intercept in the BET equation is zero.
Thus, the BET equation (2-4) can be written as (Quantachrome Corporation,

1994):
W =W(QA-P/F) (2-5)

The standard multipoint BET, experiment requires a minimum of three points in
the appropriate relative pressure range. The weight of a monolayer of adsorbate
W, can then be obtained from the slope, s and intercept, i, of the BET plot. The

total surface area of the sample can be expressed as:

M (2-6)
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m

where N is Avogadro’s number (approximately 6.023x10% molecules/mole), M
the molecular weight of the adsorbate and A, is the cross-sectional area of the
adsorbate molecules. The specific surface area S of the solid can be calculated

from the total surface area S, and the sample weight w:

w @)
The total pore volume is derived from the amount of vapour adsorbed at a relative
pressure close to unity, by assuming that the pores are then filled with liquid
adsorbate. The volume of nitrogen adsorbed (V,q4s) can be converted to the volume
of liquid nitrogen contained in the pores, by equation (2-7) (Quantachrome
Corporation), assuming that macro-pores (=500 A) are absent in the sample.

PV V

— ads” m
Vie="pr

" RT (2-8)

where P, and T are ambient pressure and temperature, respectively, V,, is the

molar volume of the liquid absorbate and R the gas constant (8.314 J/K-mol).

The average pore size can be estimated from the pore volume. For example,
assuming cylindrical pore geometry, the average pore radius 7, can be determined

from equation (2-9):

lig

TS (2-9)

where S is the BET surface area (Quantachrome Corporation, 1994).

2.9 Density

Particle density is one of the more important parameters used to characterise filter
media. Density (p) is a measurement of the mass (m) per unit volume (V) of a

material and is reported in g/cm3. Porous particles have two densities, the
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envelope density and true (also termed the absolute, real, apparent, or skeletal)
density. The true density is determined by the absolute volume of the material’s
solid phase and it is obtained when the volume measured excludes the pores and
void spaces between the particles of the bulk sample. The envelope density is
determined for porous materials when pore spaces within the material particles are
included in the volume measurement. Envelope density will be less than the

absolute density for porous materials.

The true density of the sample is measured using Archimedes’ principle (Reeds,
1987). The measurement is frequently determined by immersing the sample in a
liquid. It is assumed that the liquid fills all the pores. In some cases the material
may be subjected to boiling in the test liquid to ensure pore penetration or

sometimes the sample is evacuated prior to immersion to assist pore filling.

In this study, the determination of true density of SS used boiling water and
evacuation with a venturi aerator for 30 min to exhaust the air from the pores and

accelerate water penetration. The method was as follows:
e Weigh the dry SS sample (Wp).
e Boil in water, evacuated for 30 min and allowed to cool to 15°C.

e Weigh a 250 mL volumetric flask (W,), and then pour the cooled sample

and water into the flask making sure all the particles have been transferred.

e Make up to the mark with deaerated water, weigh flask plus suspension

weight (Wy).
e Calculate the mass of water (W,,) in the flask:

W,=W,-W -W, (2-10)

Since the density of water is p, , =0.999 g/em® at 15°C, then the volume of

w

water in the flask is equal to . The true volume of the material in the flask

H,0



Chapter Two: Analytical Methods and Materials 60

W
(V) = volume of flask — volume of water = 250 - —— . Particle density = (mass of
H,0

dry particles W) / (volume of particles V).

To determine envelope density, the traditionally method involves sealing the pores
prior to measurement of the volume with a material such as wax. This is difficult
and time consuming. In this study, the envelope density of SS was determined by

the following method:

e Place a desired amount of SS sample inside a Buchner flask and add
enough water to cover the sample. Place the flask on a hotplate and
evacuate with a venturi aerator at 0.013 atm for 30 min to exhaust the air

in the pores.
e Transfer the sample to a sieve to remove excess water.
e Weight the sample with its pores filled (W, ).
¢ Dry the samples in oven at 103°C for 24 hr.
e Measure the dry weight of SS sample (W,).

e Calculate the mass of water (W, ) in the pores:

W, =W,-W, 2-11)

Since the density of water is 0, , =0.999 g/em’® at 15°C, the volume of pores is

w
equal to 5 L The envelope density = (mass of dry particles W) / (true volume
H,0
W
of material V + volume of pores ).

H,0
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2.10 The determination of magnetic properties

Experimentally, the magnetic susceptibility of a compound is determined by
measuring the extent to which a sample is attracted or repelled by an applied
magnetic field. The effect of the magnetic field is followed by observing the
change in the weight of the sample when the field is applied (Gouy Method). The
majority of substances are repelled by a magnetic field (diamagnetic substances),
and a small decrease in weight, is observed. The effect depends on the total
number of electrons in the compound. Other materials are attracted by the field
and show a weight gain in a magnetic field (paramagnetic substances). This effect

arises from the presence of unpaired electrons.
The experimental procedure was as follows:

e Pack sample carefully up to a calibrated mark in a pre-weighed flat-

bottomed Gouy tube.

e Suspend the tube in the balance so that the bottom of the tube is in the
centre of the poles (position of maximum field) while the top of the

sample is essentially clear of the field.

e Record weight of the sample both with and without the magnetic field

switched on.

For pure compounds, the magnetic susceptibility can be calculated using the

equation:

A-M
p x1073

A = (2-12)

Where yy is molar magnetic susceptibility; £ is tube calibration constant
(obtained by a Gouy experiment on a substance of known magnetic susceptibility
e.g. Hg [Co(NCS)4] which has a molar magnetic susceptibility, xm = 8.085 x 10
at 293 K; A is the weight increase in the magnetic field; M is the relative

molecular mass and m is the mass of sample. In the current work, relative



Chapter Two: Analytical Methods and Materials 62
\

molecular mass M was both unknown and undefined. Thus the magnetic effect
was recorded as the weight gain per gram of sample when the magnetic field was
applied. These values were compared with the weight gain per gram of magnetite

(Fe304 99%) when exposed to the same field.

2.11 Equipment used in TM fabrication

2.11.1 Milling equipment

Milling has long been used to prepare finely divided materials. For most solid
state reactions the formation of products is spatially separate from the reactants,
causing reaction Kinetics to be dependent on product size and morphology and
limited by diffusion rates through the product phases. As a consequence, a high
temperature is required to achieve a sufficiently high reaction rate (Schmalzried,
1995). The milling processes may break the product barriers and bring the
reactants into constant intimate contact and the reaction could be substantially
accelerated. In this study two milling processes were used for the purpose of
comparison. One process was grinding starting materials in a low energy ball mill
using partially stabilised Zironia balls and 100% acetone. The other one was
milling the powders using a high energy mechanical mill (SPEX 8000 mill). The
high energy mechanical mill is a powder metallurgy device in which reactant
powders are milled under inert atmosphere. The energy transfer to the powder
particles in these mills takes place by impacts between fast moving media such as
balls, discs or rods between moving media and container wall. Before milling, the
powder mixture and the stainless steel balls were placed in a hardened steel vial,
which was then put in a glovebox. The glovebox was firstly evacuated and then
filled with high purity argon. The vial was sealed under argon atmosphere. The

powder was milled for 4 hr. The milling machine was fan cooled during milling.
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2.11.2 Heat treatment equipment

Heat treatment of the powders was carried out in a ceramic tube furnace (Ceramic
Engineering, Australia), which was fitted with an evacuation and argon refill
system. The heat treatment was carried out under flowing argon. The furnace was
programmed to operate at a heating and cooling rate of 5°C/min and can be held at
temperatures up to 1200°C for required duration. The temperatures of the powder
were measured using a K type thermocouple and recorded by a data acquisition
system using a PC. In this study the temperature was increased to 1015°C for 15
hr.

The furnace used was Radatherm 1700°C Horizontal tube furnace (Radatherm Pty
Ltd U.K.) with Eurotherm 2400 series programmable control system. The furnace
is suitable for work tubes with up to 70 mm in outside diameter and has a 300 mm
heated length. It is heated by six Kanthal Super 1800 resistance elements.
Maximum temperature was 1700°C. The chamber is insulated with special high
temperature refractory fibreboard. In this study the reaction temperature of up to

1400°C for 4 hr, under argon atmosphere was used.

2.12 Particle size analysis

Particle size analysis of the kaolin clay used as the model suspension for filtration
studies was carried out using a Malvern Mastersizer-S laser diffraction particle

size analyser , the (Malvern Instruments Ltd. Spring Lane South, U.K).

The instrument was used according to Mastersizer Manual (Laser Diffraction
Particle Size Analysis- The Malvern mastersizer-S). One litre samples were
prepared to give an appropriate obscuration (a measure of turbidity) and the
scattered light analysed by the instruments software to give either the vulume size
distribution or the number size distribution. The volume distribution was used in

the present work.
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Chapter Three: Characterisation of Natural

and Synthetic Titanomagnetite

3.1 Introduction

Natural TM iron sand has fine particle size, high density and strong magnetic
properties. As a filtration medium, it may achieve efficient removal of fine
particles. However the filtration rate can be expected to be low and headloss can
be expected to be high. In order to improve the hydraulic conductivity of fine TM,
magnetic conditioning of the filter bed in an expanded form could be employed. It
might be possible to compensate for consequent decreases in filtration efficiency

by enhanced electrostatic effects.

Most impurities in natural water have negatively charged surfaces (Hunter and
Liss, 1982; van der Mei, et al., 1993). In order to increase the interaction between
the particles and the collectors, a filter medium should have opposite surface
charge. Natural magnetite has been found to possess positive surface charge in
natural water pH range. This is exploited in the SIROFLOC process (Dixon, 1991;
Anderson, et al., 1980). Natural TM has some of the characteristics of natural
magnetite, e.g. magnetic properties, but surface electrokinetic properties have not
been studied. The purpose of the work presented in this chapter was to determine

the surface electrokinetic properties and magnetic properties of natural TM.

Theoretically, there are five principal ways in which surface charge may originate

(Stumm and Morgan, 1996; Park, 1965).

e Chemical reactions. Many solid surfaces contain ionisable functional
group such as -OH. Surface charge is dependent on the degree of
ionisation (proton transfer) and consequently on the pH of the suspending
medium. For example, the electric charge of a magnetite surface in water
can be explained by the acid-base behaviour of the =Fe-OH groups which

found on the surface of hydrated magnetite
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Most oxides and hydroxides exhibit such amphoteric behaviour; thus the
charge is strongly pH dependent, being positive at low pH values and at

high pH a negatively charged surface is formed.

¢ Lattice imperfections and isomorphous replacements. At the solid phase
boundary surface charge may be caused by lattice imperfections and
isomorphous replacements within the lattice. For example, if in any array
of solid SiO; tetrahedra a Si atom is replaced by an Al atom (Al has one

electron less than Si), a negatively charged frame-work is established:

HO\Si/O\ AN /O\S_/OH )
Hol \o/ '\O/ \0/ |\OH

Similarly, isomorphous replacement of the Al atom by Mg atoms in
networks of aluminium oxide octahedral also leads to a negatively charged

lattice.

e Adsorption of a surfactant ion. A surface charge may also be established
by adsorption of a surfactant ion. Preferential adsorption of one type of ion
on the surface can arise from London - van der Waals interactions and

from hydrogen or hydrophobic bonding.

e Surface corrosion. Physical and chemical surface corrosion may cause
some species to be separated from the matrix forming defect surface

conditions.

o Surface coating. Coatings of a surface with a cationic material may shift

the IEP towards the IEP characteristic of the coating material.

According to Parks (1965), the isoelectric point reflects the chemical composition
of the solid and the electrolyte in which it is immersed. Structural or adsorbed
anionic impurities shift the IEP to more acid values and cationic impurities shift

the IEP to more basic values or toward the IEP characteristic of the impurity
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oxide. Oxidation and reduction resulting in nonstoichiometry may be expected to
shift the IEP toward that characteristic of the oxidation state produced. Hydration

increases the IEP; dehydration and increased structural perfection decrease the
IEP.

In the present study the modification of TM was attempted in three ways:

e Chemical cleaning of natural TM with acid and base. The acid and base
pre-treatment will facilitate the removal of contamination from the TM

surface.
e Coating the TM with films of aluminium and iron hydrous oxides.

e Air oxidation at high temperatures.
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3.2 Properties of natural TM

Natural TM is derived from the erosion of andesite and rhyolite of volcanic rock
and concentration by ocean currents, wave action and wind action. In New
Zealand, there are vast areas covered with TM sand such as the Waikato North

Head, south of Auckland and Taharoa (Figure 3.1).
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Figure 3.1 Locations of TM iron sand deposits in New Zealand.
3.2.1 Physical and chemical properties of natural TM

Naturally occurring TM iron sand has fine particle size, high density and strong
magnetic properties. It also has high heat-resistance and high resistance to
mechanical wear. The microstructure of natural TM can be regarded as Fe-Ti
spinel oxide in which some of the iron has been replaced by other divalent and
trivalent cations (Mg, Al, Cr, Mn and Zn) (Keefer and Shive, 1981). According to
electronmicroprobe analysis, the most abundant minor cation species are Si and
Al at up to 4.92% and 4.09% by weight respectively (see Table 3.1). Other

elements such as Ca, P and K are also present. The total concentration of minor
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constituents may therefore be appreciable, replacing a significant amount of the

iron. The true density of natural TM is 3.81 g/cm3 (see Section 2.9).

Table 3.1 Chemical composition of TM

Composite  Fe;03+Fe O TiO,  SiO, AlO, MgO CaO MnO P,0Os K,O

Weight % 76.59 8.04 492 4.09 3.17 1.75 0.58 0.31 0.11
Composite Nb Zr Y Sr Rb Ga Cr Ba Pb
(ppm) 18 51 15 25 10 47 59 807 8

*Analysis by Geoscience laboratory in Sudbury, Ontario, Canada.
Oxides measured in weight %, Heavy metals measured in ppm.

Elemental analysis by the EDAX method confirmed the main components of

natural TM were Fe and Ti (See Figure 3.2).

Fe
Preset= 100 secs
Elapsed= 100 secs
Fe
CaFe
TI“ Hg Si
M vlSiW N
230 k 7 e 10 i?_la »
¢ B 088 Ra = 10 eV . -
nge Integral 8 = 120804

Figure 3.2 EDAX spectrum of natural TM



Chapter Three: Characterisation of Natural and Synthetic Titanomagnetite

3.2.2 XRD, SEM and EDAX of Natural TM

Characterisation of natural TM was by X-ray diffraction (XRD) and Scanning
electron microscopy (SEM) and energy-dispersive analysis by X-ray (EDAX).

The XRD pattern of natural TM is shown in Figure 3.3 and the identification file
is given in Appendix 3.1.
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Figure 3.3 XRD pattern of natural TM

The main peaks of natural TM correspond to peaks obtained for magnesium iron
aluminium chromium oxide: (Fe, Mg)(Al, Cr, Fe, Ti),04, (JCPDS, 25-1376) see
Appendix 3.2.

The morphology of natural TM is shown in Figure 3.4.
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Figure 3.4 SEM micrograph of natural TM

3.2.3 Isoelectric point of natural TM

Electrokinetic properties of natural TM were determined by measuring streaming
currents with a MUTEK PCD 03 instrument (Mutek Analytic Inc. Germany). The
procedure was described in Section 2.5. Data for variation of potential (mV) with
the pH of the suspension allowed the isoelectric point (IEP) of the particles to be
determined. The streaming potential-pH curves for natural TM are given in Figure
3.5, that show the isoelectric point of water rinsed natural TM is 2.87 + 0.06 (See

Section 3.3.1). The results summarised in Appendix 3.3.
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4 Run 4
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Figure 3.5 Variation streaming potential of TM with pH
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3.3 Effects of acid and alkali pre-treatment on IEP of natural TM

The effects of water rinsing and acid and alkali treatment on the surface and
electric kinetic properties of natural TM were investigated using XRD, SEM,

EDAX and isoelectric point (IEP) measurement.

3.3.1 Experimental
Water rinsing

Primary concentrate of TM was further purified by magnetic separation,
dispersion in distilled water with vigorous stirring and washing while held with
magnetic field. The supernatant was concentrated by centrifugation and dried over
night at 100°C. The rinsing procedure was repeated three times. This material was

labelled water rinsed TM (WRTM).
Acid and alkali rinsing

WRTM was equilibrated in de-ionized water at various pHs (pH from 3.51 to
8.20) for 24 hr. Took about 0.01 g of the wet samples for measuring the IEP.

3.3.2 Effect of rinse treatments

The IEP of TM rinsed with distilled water was found to be 2.87 + 0.09, whereas
the IEP of ARTM was found to be 3.64 + 0.06.

Data for TM treated with the acid and alkali solutions are summarised in Table
3.2. The data indicated that treatment with the acid or alkali solutions raises the

IEP. However there is no systematic trend with pH.

Table 3.2 pH effects on IEP of TM (24hr)

pH 3.51 427 5.5 6.34 7.04 8.20

IEP 4.01 3.49 3.51 3.63 3.53 3.60




Chapter Three: Characterisation of Natural and Synthetic Titanomagnetite 73

The values reported in Table 3.2 are the means of at least six determinations. The

standard deviation of each of determination was approximately 0.06.

3.3.3 Examination of impurities

The impurities separated magnetically during distilled water rinsing had an IEP of
2.80 + 0.10. SEM and EDAX analysis showed the elemental composition was
mainly Si and Al (Figure 3.6). These data are consistent with the impurities being

clay particles (Iwasaki, 1962)
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Figure 3.6 SEM and EDAX of silica and aluminium impurity

3.3.4 Effect of equilibration time

TM prepared as described as Section 3.3.1 was equilibrated in HCl and NaOH
solutions (1.0, 0.1 and 0.01 mol/L) for times varying from 30 min to 17 day.
Results are summarised in Table 3.3 and Table 3.4. Original data are presented in

Appendix 3.4 and Appendix 3.5.

The data are quite variable and show no systematic trends. There is some evidence

that acid treatment gives rise to higher values and prolonged treatment with both
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acid and alkali gives lower values in most cases. However the results are not
conclusive. Clearly, with the advantage of hindsight, it would have been useful to
include more replicates. Similar variability after acid and alkali treatment of
magnetite was observed by Kolarik and Dixon (1980). They attributed the effect
to deposition of anionic species onto the surface. Such species may have

originated from the sample itself or from the glassware used.
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Table 3.3 IEP of natural TM and impurities pre-treatment with HCI

Rinsing solution Concentration Time (hr) IEP °
(mol/L)

Water - - 2.87 0.09
0.5 3.79
1.5 3.57
3.0 3.94
4.5 3.76
HCI 1.0 7.5 4.58
25 4.02
3 (day) 4.39
17(day) 2.94

S/n 3.87 0.50
0.5 3.36
1.5 3.46
3.0 3.47
45 3.61
HCl 0.1 7.5 3.54
25 3.08
3 (day) 272
17(day) 2.85

Sin 332 0.36
0.5 3.29
1.5 3.54
3.0 3.36
4.5 3.46
HCl 0.01 7.5 3.40
25 3.12
3 (day) 3.07
17 (day) 3.85

s 339 0.25

o is standard deviation. The values reported in Table 3.3 and Table 3.4 are the means of at least

six determinations.
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Table 3.4 IEP of natural TM and impurities pre-treatment with NaOH
Rinse solution Concentration Time [EP c
(mol/L) (hr)

0.5 2.81
1.5 293
3.0 2.95
45 2.94
NaOH 1.0 7.5 3.10
25 2.81
3 (day) 2.83
17(day) 3.14

S/n 2.94 0.13
05 3.18
1.5 3.07
3.0 3.00
4.5 3.10
NaOH 0.1 7.5 3.21
25 2.98
3 (day) 2.87
17(day) 2.86

>/ 303 0.13
0.5 333
1.5 3.29
3.0 3.35
45 3.34
NaOH 0.01 7.5 3.19
25 3.18
3 (day) 3.17
17(day) 291

>/n 322 0.15




Chapter Three: Characterisation of Natural and Synthetic Titanomagnetite 7

3.4 Studies of synthetic TM

3.4.1 Introduction

The microstructure of a material often depends on how it was synthesised and
whether it was prepared in the laboratory or by nature. The formula unit for
natural TM is Fe34TixO4 (0<x<1 and x~0.6). Normally the minor constituents, M,
are included and this compound can be written as Fes.,.sMsTi,O4 where 8 may be
in excess of 0.5. The presence of the minor constituents, especially diamagnetic

Mg and Al, has a significant effect on the magnetic properties of the compound
(O’Donovan and O’Reilly, 1977).

TM is generally non-stoichiometric with a (Fe + Ti)/O ratio of less than 0.75, i.e.
on the oxidised (cation-deficient) side of stoichiometry. If the total number of
cations per formula unit adds up to a fraction (R) of the stoichiometric value, 3,
the compound may be written as Fe@.x.5;gMsrTixro3(1-r)Os Where o represents
vacant cation lattice sites. At high temperatures (=400°C) the composition range
in which the cation-deficient spinel structure is stable is strictly limited. x ~ 0.6
and R ~ 0.98 represent the limit of the monophasic region (Hauptman, 1974). The
extent of the region of low-temperature non-stoichiometry (<400°C) appears not
to be limited in this way (Readman and O’Reilly, 1970) and oxidation may
proceed, maintaining a single spinel phase, until the compound contains virtually

no Fe* ion.

Synthesis of TM has been reported in numerous investigations. Akimoto, et al.
(1957) reported the first systematic study of the oxidation of TMs for
compositions within the Fe;04-Fe,TiO4-Fe;03-Fe;TiOs quadrilateral. Wechsler, et
al. (1984) produced a series of TMs (Fe3.xTixO4), from high purity Fe,0s, TiO,,
and Fe sponge at temperatures between 930°C and 1350°C. Similar work has been
done by Brown and O’Reilly (1996). The purpose of this study was to prepare
synthetic analogues of naturally occurring TM, without the impurities formed in
natural materials and to study the magnetic and electrokinetic properties of these

materials.
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The synthetic process normally includes a pelleting and firing procedure. The first
step of the process deals with pressing the reaction powders into a desired shape
and tries to achieve green body strength to allow further handling. The second
step of the process involves a consolidation to develop the desired microstructure
and properties. The shaping process transforms the unconsolidated powder into a
coherent consolidated body having a particular geometry and microstructure.
Normally, the reaction powders are shaped by uniaxial pressing in a rigid die and
then isostatic pressing at a pressure of typically 20-200 MPa to achieve strong and

dense green bodies.
3.4.2 Materials and methods

Starting materials

The chemicals used are listed in Table 3.5. Stoichiometric amounts of high purity

commercial grade Fe,;0s, TiO, and Fe powders were weighed to = 0.0001 g.

Table 3.5 Materials for synthesis TM

Chemicals Purity Appearance Manufacturer
Fe 99.9% Gray Johnson Matthey
Fe,0, 99.99% Reddish brown Johnson Matthey
TiO, 99% White powder APS Ajax Cinechem

Stoichiometric calculation

For phase composition investigations, stoichiometric calculation of the chemicals
required is needed. Table 3.6 lists the atomic weights of elements Fe, Ti, O. The

molar mass of the reaction compounds is assumed to be as Equation 3-1

Table 3.6 Atomic weights of the elements Ti, Fe, O, and their oxides

Formula Ti Fe (0] TiO, Fe,O; Fey 4Tig0 4

Molar mass (M) 47.900 55.847 15.999 79.898 159.691 226.769
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14 F6203 +9 T102 +8Fe = 15 Fe2.4 Tio.604 (3'1)
14 9 8 15

According to this equation,

Wa Ws We Wb
=14 y, — = 9 , — = 8 d —= : _
Ma Ms Mc an Mb 15, where: My, B, ¢, p = molar mass (or

formula weight) of Fe,O;; TiO,; Fe; Fe;.4Tio.604; respectively and Wapcp =

weight of Fe,03. TiO,. Fe; Fe,.4Tig.¢04 required respectively.

Therefore, the weights of the starting powders required for a given amount of

mixture (Wp) can be worked out using Equations (3-2) to (3-4).

14 M

W, =—=Maw 2065725 W 3-2

AT 15 Mp P P (3-2)
9 M

W, =2 BW = 021139 W 3-3

P15 Mp P b (5-3)
8 M,

=2 ¥ew =0.13135W 3-4

C"I5Mp P b 3-4)

Specifically, if Wp = 20.0000 g, then, Wa = 13.1450 g Fe,0; Wg =4.2279 ¢
TiO, and W = 2.6269 g Fe.

The synthetic process

The methods selected for synthesising TM (Fe;4Tip¢O4) were similar to the
method of Brown and O’Reilly (1996). The two synthetic procedures are
illustrated in Figure 3.7. In addition, a high temperature synthetic condition was
used in this study. The two synthetic methods involved a number of steps to
ensure that the powders were mixed as well as possible before being reacted. In
order to avoid the mixture forming a cake and to achieve full mixing, the first
method involved grinding the starting materials in a low energy ball mill using
partially stabilised zirconia (PSZ) balls and acetone. The acetone was

subsequently evaporated at 60°C.
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The second method involved milling the powder in a high energy ball mill. In
both methods I and II, pellets were produced and then sintered at 1050°C for 15
hr. In a third method, the powders produced using low and high-energy ball
milling were directly sintered at 1400°C for 4 hr. The high temperature (1400°C)

synthetic processes were carried out under an argon atmosphere.
The following is the detailed description of methods I and II.

Method I:

e Stoichiometric quantities of iron (III) oxide, iron metal and titanium oxide
powders were weighed and mixed together in acetone in a low energy ball

mill. The milling duration was 24 hr.

e The mixed powders were pressed into a disc of 8§ mm diameter and 20 mm
height at a pressure of 30 MPa using a uniaxial hydraulic press. The disc

was then pressed again at 200 MPa using a cold isostatic press.

e The powders were sealed in a quartz tube under vacuum of 10" torr and

sintered at 1050°C for 15 hr.
e The sintered pellets were allowed cool to room temperature.

e The disc samples were milled for 4 hr in a low energy ball mill to yield a

very fine powder with average particle size of approximately 5 um.

Method I1:

e The powders were accurately weighed according to the stoichiometric

calculation.

e The weighed (20g) materials were milled in a high-energy mechanical mill

(SPEX 8000) at speed of 1500 rpm for 4 hr.
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e The milled powder was pressed into a disc of 8 mm diameter and 20 mm
height at a pressure of 30 MPa by using a uniaxial hydraulic press. The

disc was then pressed again at 200 MPa using a cold isostatic press.

e The powder was sealed in a quartz tube under a vacuum of 107 torr and

sintered at 1050°C for 15 hr.
e The sintered disc was cooled to room temperature.

¢ The disc sample was milled for 4 hr using a low energy ball mill to yield a

powder with a fine particle size of approximately 5 um.

3.4.3 Results
X-ray diffraction analysis

The XRD patterns of the powders produced after milling the mixtures of Fe,Os,
TiO, and Fe powders for 24 hr using the low energy roller mill and for 4 hr using
the high energy ball mill are shown in Figure 3.8.

o O — Fe,;Ti;Oy

& —Fe,0,

+ ~TiO,
A A —Fe

2 Theta

Figure 3.8 XRD patterns of (a) the powder produced using low energy ball milling; (b) the
powder produced using high energy ball milling.

The XRD patterns show the powder produced by using two milling processes

produce different products. The powder produced by using low energy ball mill
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(Figure 3.8 a) had a mixture of crystal phases: Fe;TizO9 (JCPDS 29-1494), Fe,0;
(JCPDS 13-0534), TiO, (JCPDS 02-0387) and Fe (JCPDS 03-1050). It is clear
that some residual Fe and TiO; remain. On the other hand, the powder produced
by high energy ball mill (Figure 3.8 b) consisted mainly of Fe,Ti3Oy, Fe,O3 and
Fe. This shows that in both milling processes, Fe;O3; and TiO, reacted during

milling.

Figure 3.9 shows the XRD patterns of the powders produced by heating the milled
powders to 1050°C. The main peaks of the synthetic product of the high energy
ball milled powder (Figure 3.9 a) correspond to peaks obtained for synthetic iron
titanium oxide (Fe,.<FexTi;x04) (JCPDS 24-0536). The synthetic products of the
low energy ball milled powder were a mixture of Fe;Ti309 (JCPDS 40-0850) and
FeFe,04 (JCPDS 19-0629).

0 — Fe,TiyOy
& — FeFe,0,4
{311}

2 Theta

Figure 3.9 XRD pattern of synthetic TM heated to 1050°C (a) high energy ball mill powder;
(b) low energy ball mill powder.
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The XRD patterns of the powders produced by heating the ball milled powders to
1400°C are shown in Figure 3.10. Both of the products were Fe; <Fe)cTi;.xOs,
However, the high energy ball milled product gave sharper peaks of higher

intensity indicating a higher degree of crystallinity.

(311}
{440}

{s11}

(400} {131}
{220)

(111} (222) (422 (533)

a
v
__.._I__.-_J_AJLA——L&A—LL_a_L_b_&L

10 30 50 70 90

2 Theta

Figure 3.10 XRD patterns of TM heated to 1400°C (a) high energy ball mill powder; (b) low
energy ball mill powder.

Electrokinetic properties

Electrokinetic properties of the powders produced using low and high energy ball
milled and heating at 1050°C and 1400°C were determined by recording streaming
currents described in Section 2.6. Data are summarised in Table 3.7. The IEP of
acid and alkali rinsed TM (natural TM) is included for comparison. It is clear that

the behaviour of the synthetic product is similar to that of the natural product.

Table 3.7 IEP of natural and synthetic TM

Materials  Natural  High Low High Low High Low
™ energy  energy energy ball energy ball energy ball energy ball
ball ball mill mill mill mill
mill mill powder powder powder powder

powder powder  synthesis synthesis synthesis  synthesis at

at 1050°C  at 1050°C  at 1400°C 1400°C

IEP 3.64 3.74 3.59 3.81 3.61 3.90 372
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The values reported in Table 3.7 are the means of at least six determinations. The

standard deviation of each of determination was approximately 0.06.

Magnetic properties

The magnetic properties of natural and synthetic TM were examined by
measuring the weight change in an applied magnetic field (Gouy Method). The
measuring procedure was described in Section 2.10. Pure magnetite (Fe3O4, 99.99

%, Alfa Aesar) data are presented for comparison. Results are shown in Table 3.8.

Table 3.8 Magnetic properties of natural and synthetic TM

Materials Mass (m) Weight increase (A) Am  (A/m)/(A/m)ge3os
+0.001 (g) +0.001 (g) +0.002 (%)+0.3%

Fe304(99.99%)" 0.541 10.610 19.612 100

Natural TM 1.121 17.720 15.790 80.5

High energy ball mill 0.856 5.248 6.131 313
powder

Low energy ball mill 0.536 2.748 5.127 26.1
powder

High energy ball mill 1.064 8.626 8.107 41.3

powder synthetic at 1050°C

Low energy ball mill 0.818 5.976 7.306 37.3
powder synthetic at 1050°C

High energy ball mill 0.738 10.593 14.354 73.2
powder synthetic at 1400°C

Low energy ball mill 1.119 13.110 11.716 59.7
powder synthetic at 1400°C

*Pure magnetite (Fe;04 99.99%, Alfa Aesar)

* Errors estimated according to Morris, 1997 (Morris, 1997).
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3.4.4 Discussion

The high energy ball milling process brings the reactants into intimate contact and
energy transferred to the powder facilitates the reaction. Figure 3.8 shows the
XRD patterns of the products formed by two milling processes. Both of the
unheated products have Fe,Ti3Og and Fe,Os phases, but TiO, phase could not be
detected in the high energy ball milled powder. It is apparent that the TiO,
fraction reacted with other materials and produced new phases under the

conditions of high energy ball milling.

The present study shows that the synthetic TM (Fe,.xFexTi1.x04, X = 0.4) can be
prepared by heating the milled stoichiometric starting materials (Fe,Os, TiO, and
Fe) at high temperature. For the high energy ball milled powder, the TM can be
formed at 1050°C. For the low energy ball milled powder a temperature of 1400°C

was required.

At the temperature of 1050°C, the products obtained from the high energy ball
milled powder presented a single phase (Fey.xFexTi1xOs4, x = 0.4); while the
products obtained from low energy ball milled powder produced Fe;Ti309 and
FeFe,04. Heating both powders to 1400°C, produced a single phase TM (Fe,.
xFexxTi; xO4, x = 0.4) (Figure 3.10). The product formed from the low energy ball

milled powder showed relatively weak peaks in the XRD patterns.

The IEP of the various products formed were all quite similar, varying from 3.59
to 3.90. On the other hand, the products presented variable magnetic properties.
Table 3.8 lists the magnetic properties of each product. The high energy ball
milled powder heated to 1400°C exhibited the strongest magnetic properties,
followed by the product of low energy ball milling heated to the same

temperature.
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3.5 Oxidation of TM at high temperature

3.5.1 Materials and methods

Synthetic TM prepared at 1050°C using high energy ball milled and low energy
ball milled powders were selected for this study. The samples were placed in a
high temperature furnace (Radatherm Horizontal tube furnace) in air at 1400°C for

4 hr and then cooled in the furnace to room temperature.
3.5.2 Results

X-ray diffraction analysis

The XRD patterns of the oxidation products are shown in Figure 3.11. The same
product was obtained from both synthetic TM samples and contained a mixture of
the phases: Fe,TiOs (JCPDS 09-0182) and Fe,O3 (JCPDS 24-0072).

1 30 50 70 90

2 Theta

Figure 3.11 XRD pattern of oxidised synthetic TM (a) high energy ball milled powder; (b) low
energy ball milled powder.
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Electrokinetic properties

Electrokinetic properties of the two oxidized products were determined as

described in Section 2.6. The results are summarised in Table 3.9.

Table 3.9 IEP of oxidized synthetic TM

Materials Oxidized synthetic TM produced from  Oxidized synthetic TM produced
high energy ball milled powder from low energy ball milled
powder
IEP 3.81 3.83

The values reported in Table 3.9 are the means of at least six determinations. The

standard deviation of each of determination was approximately 0.06.
Magnetic properties

The magnetic properties of oxidized synthetic TM were determined using the

method described in Section 2.10. The results are summarised in Table 3.10.

3.5.3 Discussion

The products of oxidized synthetic TM are a mixture of Fe,TiOs and Fe,0s. The
oxidation processes had pronounced effect on the magnetic properties of the
materials. The Fe?* cation oxidized to Fe’* and the magnetic properties were lost
(Table 3.10). On the other hand, the IEP of the products remained at about 3.8.
Apparently, oxidation of Fe(II) to Fe(III) has little effect on IEP. This is consistent
with the IEP of TM being dominated by the Fe(III) component
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Table 3.10  Magnetic properties of oxidized synthetic TM

Materials Mass (m) ~ Weight increase (A) A/m (A/m)/(A/m)ge304
+0.001 (g) +0.001 (g) +0.002 (%)% 0.3%
Fe;04 0.541 10.610 19.612 100
Natural TM 1.121 17.720 15.790 80.5
Oxidized synthetic TM 0.984 0.017 0.020 0.1
from high energy ball mill
powder

Oxidized synthetic TM 0.906 0.032 0.003 0.1

from low energy ball mill

powder

3.6 Chemical treatments of TM

3.6.1 Coating trials: TM and aluminium

The IEP of natural and synthetic TM is lower than is desirable for applications
involving filtration of water containing negative colloids. The work in this section

reports attempts that were made to increase the IEP by chemical treatments.

Polymerised aluminium precursor solutions

It is known that by adding NaOH to an AICl;, AI(NOs)3, or Al(ClO4); solution,
Al(OH); is formed at a NaOH/Al mole ratio of 3.0 to 3.3, but the initial reaction
products are clear solutions at a NaOH/AI mole ratio < 2.5. Clear solutions can be
obtained even at a NaOH/Al mole ratio of 2.7 if NaOH is added very slowly. It
has been recognised that the hydrolysed species in these partially neutralised
solutions are positively charged OH-Al polymers (Hsu and Bates, 1964; Tsai and
Hsu, 1985). The OH-Al polymers resemble fragments of crystalline Al(OH)s.
Crystalline AI(OH); exists in three polymorphs: gibbsite, bayerite and

nordstrandite. They are composed of the same fundamental units: two planes of
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close-packed OH" with AI** sandwiched between them. The AI** reside in two-
thirds of the octahedral holes and are distributed in hexagonal rings. In the
interior, each AI’* shares six OH" with three other AI** and each OH is bridged
between two Al** (Figure 3.12). At the edge, however, each AP shares only four
OH’ with two other AI’* and the other two co-ordination sites are occupied by one
OH' and one H,O molecule; neither is bridged between AP, Kinniburgh (1975)

suggested the following configuration:

A necessary requirement for a stable structure is that the repulsion between Al

be approximately balanced by the attraction of AlI-OH-Al linkages. This principle

Figure 3.12 Schematic representation of the unit layer of Al(OH); . Edge, unshared OH may
protonate as a function of pH to form H,O

also should hold for the OH-AI polymers in solution. That is, if the OH-Al
polymers are of stable structure, the arrangement of AI’* and OH in the product

should follow a pattern similar to Al(OH); solids. In the AI(OH); structure,
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however, each OH" at the edge is linked to only one AI’* and therefore is in rapid
equilibrium with the H" or OH in solution. The isoelectric point of AI(OH); is in
the range from pH 8.0 to 9.2 (Parks, 1965). Therefore, AI(OH); particles, large or
small, are always positively charged in an acid medium (Stol, et al., 1976; Smith
and Hem, 1972; Schoen and Roberson, 1970). The schematic illustration of a
series of positively charged OH-Al polymers is shown in (Figure 3.13). The
polymers are named according to the number of aluminium atoms contained, for
example the polymer containing 13 aluminium atoms is known as Aljs. The
amount of Al;3 polymer is related to Al concentration, the OH/ALI ratio and the

rate of base addition to Al solutions.

Some studies have revealed that such partially neutralized solutions are
metastable and eventually turn turbid, with crystalline AI(OH); developing after
prolonged ageing, accompanied by a decrease in solution pH (Tsai and Hsu, 1985;
Hsu, 1988).

[A1)3(0H) 3014418 H,0 (A1, (OH)gq) 2*e24 H,0  TAL (OH), 441 %36 H,0
0.7+ / A1 0.5+ 7 Al 0.33+ / Al

Figure 3.13 Schematic representation of a series of positively charged OH-Al polymers of
structures resembling fragments of gibbsite (modified from Hsu & Bates, 1964).
Two OH’ are shared between two adjacent AI** (black dots). Each edge Al* is co-
ordinated by 4 OH" and 2 H,0. OH and HO are not shown in the sketch for the
sake of clarity.

Johansson (Johansson, 1960; 1963) prepared well-crystallised basic Al sulphates
or selenates by adding Na,SO4 or Na;SeO4 to a partially neutralised Al solution of
a NaOH/Al mole ratio of 2.5. The x-ray structural analysis suggested that these

crystals were composed of a fundamental unit of composition



Chapter Three: Characterisation of Natural and Synthetic Titanomagnetite 92

[Al;304(OH)24(H,0)15]™*. This structure consists of one AI’* at the centre,
tetrahedral co-ordinated to 4 O” and surrounded by 12 AI**, each co-ordinated to
6 OH ,H,0, or the O* shared with the AI** at the centre (Figure 3.14). Johansson
suggested that the OH-AI poly-nuclear complex in solution was of the same
configuration. The existence of this species in solution also was suggested by
Aveston (1965) using ultra-centrifugation and potentiometric titration and by
Rausch and Bale (1964) and Bottero, et al. (1982) using small-angle X-ray

diffraction analysis.

Figure 3.14  Truncated tetrahedral structure of [Al;304(OH),4(H,0) ™ polymers showing the
tetrahedral AlO, at the centre, surrounded by 12 AI** ions in octahedral
configuration. The 12 octahedrally co-ordinated Al** ions may be viewed as being
composed of four trioctahedral Al;(OH,H,0),, units (modified from Johannson,
1960)
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For the preparation of surface films of hydrolysed aluminium species it was
envisaged that the use of the aluminium polymers would be more likely to form
coherent films with minimum consumption of aluminium. The adsorption of a

monolayer of aluminium polymer followed by further polymerisation was

envisaged.

In this study the aluminium polymer precursor solution used to treat TM was
prepared by adding NaOH very slowly to an AICl; solution with vigorous stirring
until a Na/Al mole ratio of 2:1 was obtained. The partially neutralised clear
solution was believed to contain aluminium polycations consisting of 13 Al
atoms. Appendix 3.6 (a) shows the crystal morphology of Alj;. It is similar to that
described by Turner (1976a). According to Turner, with increased ageing of the
parent OH-Al solution, the population of the tetrahedral crystals gradually
decreased, whereas an X-ray amorphous spherical precipitate gradually
developed. This in turn, was replaced by irregularly shaped crystals with a
distinctly different XRD pattern and greater resistance to acid dissolution. With
very old OH-ALI solutions, only the irregularly shaped crystals were observed upon
the addition of Na,SO,. With a NaOH/Al mole ratio of 1, the precipitate was
dominated by X-ray amorphous spherical particles, with only trace amounts of
tetrahedral crystals even from freshly prepared OH-ALl solutions (Turner, 1976a;

1976b).
Surface treatment method

TM used in this study was ARTM (see Section 2.21). The coatings were carried

out under various pH conditions. The following procedure was used.

e The desired amount of ARTM was placed in a Buchner flask and
evacuated with a venturi aerator until all air had been excluded. The Al;;

polymer solution was then sucked into the flask and the system stirred.

e NH; solution (25%) was added to the mixture up to achieve desired pH

value.
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e The liquid was decanted and the solid mixture was oven dried at 100°C for
24 hr.

e The dried samples were rinsed thoroughly with various pH de-ionized

water until rinsings were clear.
e The samples were oven dried at 100°C for a further 24 hr.
e The above steps were repeated for various pH conditions.
e The samples obtained were named: ‘ARTMar,” (n=1-5).

A flow diagram for the coating procedure is illustrated in Figure 3.15 below.
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Figure 3.15

Flow diagram for treatment of TM with Al polycations at various pH values.
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3.6.2 Results and discussion

The amount of aluminium deposited in the surface films was determined by
extracting the treated ARTM sample with 4 mol/L. HNO; and analysing the extract
using ICP Emission Analysis. The measurement procedure was described in
Section 2.7. Table 3.11 gives the ICP analysis data and IEP data for untreated

ARTM and ARTM samples treated with aluminium at various pH values.

The results indicate that the IEP of the aluminium treated ARTM was not affected
by the various pH coating conditions. Further, the Al extracted from the
aluminium treated ARTM was little higher than the Al extracted from untreated
ARTM (iron data for the untreated ARTM and aluminium treated ARTM are also
included) It appears that any film of AI(OH); formed on ARTM is unstable and is

lost from the surface during rinsing.

Table 3.11 Properties of Al coating films on ARTM at various pHs.

Materials ARTM ARTMAH ARTMM.Z ARTMA|_3 ARTMA|_4 ARTMA|.5
pH £ 0.01 5.68 6.83 7.58 8.30 9.13
IEP £ 0.06 3.64 3.74 3.72 371 3.45 4.18
Alx 10° 1.257 1.599 1.602 1.788 1.685 1.737
+0.001(mole /g)
Fe x 10° 0.889 0.879 0.868 0.875 0.854 0.873
+0.001(mole /g)

The IEP of ARTM is 3.64 (see Section 3.3.2). At the pH of the Al;3 precursor
solution (pH = 4.16), the ARTM will be negatively charged. Adsorption of the
polymers should have been favoured by electrostatic forces. It had been expected
the AlI(OH); formed when NHj solution was added to the Al;3 would be positive
providing the pH remained below the IEP of AI(OH); (pH = 8.90). This was so

except for the experiment in which the final experiment pH was 9.13. The charge
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of the ARTM and AI(OH); should have been favourable for the formation of a
coating film. It appears that if such films were formed, they did not survive the
rinsing and drying steps that followed the Al treatment. It could be that the

smooth, non-porous nature of ARTM surface is unfavourable for the retention of

coating films.

3.6.3 Coating trials: TM and iron
Polymerised iron precursor solutions

Addition of base to Fe(NO3)3, Fe;(SO4)3, Fe(ClO4)3 or FeCls solutions in amounts
insufficient to precipitate hydrous oxide results in the rapid formation of a red
hydrolytic polymer (Murphy, et al., 1976; Dousma and de Bruyn, 1979). The
formation consists of several steps: 1) formation of low-molecular-weight species;
2) formation of a red cationic polymer; 3) ageing of the polymer, with eventual
conversion to oxide phases; and 4) precipitation of oxide phases directly from
low-molecular-weight precursors. Hsu and Ragone (1972) analysed the
precipitates obtained by adding sodium sulphate solution to hydrolysed 0.01 mol

Fe(Cl04); solutions and obtained results that indicate that the polymer is cationic.

Hydrolysed Fe(IIl) solutions containing the red polymer are not at equilibrium.
The changes observed on ageing solutions containing the polymer include
changes in chemical composition (Hsu and Ragone, 1972; Murphy, et al., 1975),
decrease in pH (Hsu and Ragone, 1972; Murphy, et al., 1975), increase in light
absorption (Dousma and de Bruyn, 1978), increase in turbidity or light scattering
(Hsu and Ragone, 1972; Dousma and de Bruyn, 1978), increase in sedimentation
coefficients and increase in particle size (Murphy, et al., 1975; Dousma and de
Bruyn, 1978), decrease in the rate of degradation of the polymer by acid
(Sommer, et al., 1973).

Brady, et al. (1968), Coda, et al. (1975) and Christoph, et al. (1979) studied the
structural data and found that the iron atoms in the polymer have co-ordination
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