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Magnetic carriers are magnetic materials designed to bind selectively on some non
-magnetic materials to make them separable using magnetic separation. It allows magnetic
separation, a fast, efficient, high capacity and well-developed industrial technology, to be
applied to the separation of materials that are otherwise non-magnetic. One application is
in metal ion recovery from dilute effluents. Magnetic carrier technologies offer some
advantages over other more conventional metal ion separation techniques such as ion
exchange, carbon adsorption, and precipitation. Various magnetic carrier technologies
have been developed using different magnetic materials (for example, micro-sized mag-
netite of magnetic oils) and controlling the attachment of the carrier to the target species
through specific binding mechanisms (for example, electrostatic adsorption or chemical
affinity). A full-scale industrial water treatment application is illustrated in the case of the
Sirofloc process. The review summarizes the efforts over the last twenty years to develop
carriers with high loading capacity and selectivity. General principles for the design of
magnetic carriers are summarized.
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INTRODUCTION

Magnetic carrier technology originated in the early 1940s, when mag-
netite was used to remove organic impurities from wastewater streams
using electrostatic adsorption [1]. Since the early 1970s, many efforts
have been made to develop magnetic carrier technologies in fields as
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diverse as biological cell separation, drug delivery, effluent treatment,
mineral separation, and food processing.

Magnetic carrier technology, or more generically ’magnetic support’
technology was introduced to extend magnetic separation to materials
that are not naturally magnetic [2]. Magnetic supports are materials
aimed at selectively enhancing the magnetic properties of the non-
magnetic material (the target) that needs to be separated. They can be
particles (usually called ’carriers’) or liquids such as oils (hence the wider
term ’supports’). Magnetic support materials should fulfill two functions
[2]: first, provide highly selective attachment to the target species through
appropriate surface properties; second, confer magnetic properties to
those targets to be separated.

Magnetic supports are of particular interest for the separation of fine
particles, colloids, and organics, which are slow and difficult to separate
by classical methods. In the case of the food industry, Dixon showed
that conventional methods were not appropriate to separate impurities
of low molecular weight from a stream containing both larger pro-
duct molecules and suspended solids [3]. There were two requirements:
(i) specific adsorption of the impurity, and (ii) separation of the loaded
adsorbent from the aqueous suspension. Dixon showed that magnetic
polymer beads were suitable for such a separation [3]. Another advan-
tage of magnetic support technology is that it can remove impurities
down to very low concentrations; an increase in the amount ofmagnetic
adsorbent will increase the target uptake, and removal to trace levels is
possible [4].
Our main interest is the possible application in the selective recovery of

metal ions from effluents generated in the metallurgical industry. We will
start the review with general principles, touch on a variety of applica-
tions, then return to assess the potential for metal ion recovery.

GENERAL PRINCIPLES

Separation Using Magnetic Carriers

The action of magnetic support particles is to enhance the magnetic
properties of a non-magnetic material so that its magnetization under a
given magnetic flux approaches that of the same volume of a typical
paramagnetic material (i.e., sufficient to make it separable with an
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TABLE Variation of magnetization M with flux density B for paramagnetic
materials, and magnetite content of non-magnetic particle for equivalent magnetization
(source: Ref. [5])

Volume susceptibility of Magneticflux Magnetization M Magnetite content of
paramagnetic mineral, density, B (T) (Am-) non-magnetic particles
X (SI units) to give equal magnetization

(volume %)

5 10-3 0.2 8 10 0.17
4 x 103 0.83

2 8 10 1.66
10-3 0.2 1.6 x 10 0.03

8 x 102 0.17
2 1.6 x 103 0.33

industrial magnetic separator). To achieve that, only a small amount of
strongly magnetic material is necessary. Ferro- or ferrimagnetic mate-
rials such as ferrosilicon and magnetite have susceptibilities orders of
magnitude greater than typical paramagnetic materials. A volume frac-
tion ofmagnetic support material in the range 0.1-1% is usually enough
to achieve suitable magnetization of a non-magnetic material. Table I
(adapted from [5]) shows the magnetization of different param-
agnetic materials under given flux densities, and the corresponding
amounts of magnetite to be added to a non-magnetic material for
equivalent magnetization.

Figure 1 illustrates the principle of magnetic carrier separation.
Magnetic supports are added to a mixture containing target species. The
magnetic supports selectively bind to the target, and magnetic separation
allows the separation of the targets from the undesired species. This
method can be used either to recover valuable species, or to remove
undesired ones from a stream.

Magnetic Carriers and Magnetic Tags

Moffat et al. classified magnetic support materials in two groups,
magnetic carriers and magnetic tags [2]. Magnetic carriers are usually
10-1000 times larger than the target species. The principle is to vary the
surface characteristics (of the carrier), to achieve selective recovery of
colloidal and macromolecular (or ionic) species by attaching them to the
carrier surface, or entrapping them within a magnetic carrier particle [2].
Figure 2 shows the case where the target coats the surface ofthe magnetic
carrier (i), and the case where the targets are entrapped within a porous
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Target Targets
within

species the carrier

Porous
matrix

(i) Magnetic carrier coated
with non-magnetic targets.

(ii) Targets entrapped within
a porous magnetic carrier

Magnetic
tags

(iii) Target coated with
magnetic tags.

FIGURE 2 Schematic representation of magnetic carrier ((i) and (ii)), and magnetic
tagging (iii) technologies (adapted from [2]).

magnetic carrier (ii). A related technology is magnetic tagging. The tags
are usually smaller than the particles to be separated. Tags can be either
ions (e.g., y3+) or fine magnetic particles (e.g., Fe304) that coat or cluster
around non-magnetic species in order to allow them to be manipulated
using external magnetic fields [2]. The mechanism of tagging can be
through very specific coupling mechanisms (e.g., an antibody-antigen
interaction), or through electrostatic adsorption. Figure 2 (iii) is an

illustration of the tagging mechanism.

MAGNETIC CARRIER APPLICATIONS

Biological and Pharmaceutical Applications

There is an abundant literature on biological and pharmaceutical
applications of magnetic carriers. For a review, and for references, see
Moffa et al. [2]. For now, only the principles of different methods will
be outlined.
The key concept of biological cell separation is that of affinity

separation [2]. Affinity separation refers to specific interaction between



174 J. BROOMBERG et al.

the magnetic carrier and the target. For instance, highly selective
separations can be achieved by exploiting reversible complex forma-
tion between two or more interacting biological species. The principle is
so-called key-lock. The magnetic carriers are made so that they contain
a functional group (e.g., an antibody) that will react only with one
specific target (e.g., an antigen). The tags developed in that way are
sometimes called magnetic bio-affinity materials.
Another area of application is drug or reagent delivery [2]. By incor-

porating drugs in a magnetic microsphere, they can be delivered to a

specific site in the body. After injection, a bipolar magnetic field is placed
around the targeted area in the body and an appropriate magnetic field is
applied to hold the drug in the capillaries against the flow of blood.
A magnetic carrier designed for medical and biological applications

has been described by Ugelstad et al. [6]. They have prepared hydrophilic
micrometer-sized particles consisting ofpolymer latex impregnated with
approximately 20% w/w single domain maghemite. These composite
particles were synthesized by the in situ oxidation ofiron salts within the
polymer latex and are commercially available as magnetic carriers.

Effluent Processing and Metal Ion Removal

Bare Magnetic Carriers

Some of the pioneering work on the use of magnetite for the removal of
metal ions (and suspended solids) from a solution was performed by de
Latour [7]. He studied the precipitation of AI(III), Fe(III), and Cu(II)
and their co-precipitates after addition of magnetite seed. The main
finding was the correlation between the zeta-potential of the different
precipitated species and their removal. Maximum removal occurred
around the point of zero charge of the precipitates. De Latour’s work
showed that in the case of magnetite, the main adsorption mechanism
is electrostatic. That study also demonstrated that the way to alter
adsorption on magnetite was to vary the pH, to add coagulants, and to
compress the double layer by increasing the electrolyte concentration.

Selective magnetic coating for mineral separation was studied by
Parsonage using precipitated colloidal magnetite [8]. To distinguish, the
magnetite in de Latour’s work was used as a carrier, whereas in Parso-
nage’s work it was used as a tag. Parsonage studied the stability of the
magnetite colloid, demonstrating that stability was dependent on pH
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and on the addition ofsurfactants (oleate, and dodecylamine). The point
of zero charge (pzc) of magnetite alone was found to be pH 6.5. The
presence of the anionic oleate surfactant resulted in a shift in pzc to
pH 4.5. With the cationic amine the zeta-potential was positive over the
pH range 3-11. The stability of the magnetite colloid was well correlated
with the pzc of the suspended particles.
The interest in controlling the surface charge ofthe colloid is twofold.

First, a well-dispersed colloid is preferred to maximize the reactive sur-
face area available. Second, controlling the surface charge ofthe colloid
is necessary to control the selectivity of electrostatic adsorption on the
target species. Parsonage demonstrated selective coating of magnetite
on calcite but not on apatite at pH 11, resulting in magnetic separation of
the two minerals.
Work by Terashima et al. [9] on the removal ofdissolved heavy metals

by combination of chemical coagulation, magnetic seeding, and high
gradient magnetic separation corroborated the results ofboth de Latour
and Parsonage. They showed that in the case of dissolved heavy metals,
magnetic agglomerates can be formed by coagulating precipitates with
magnetic seeds through adjustment of the chemistry. They also found
that the coupling (or binding) of the magnetic seeds with the targets was
primarily due to surface charge (through electrostatic interactions), and
the capture of particles in the mesh structure of precipitated Fe(OH).
To summarize, the main factor controlling the selectivity ofmagnetite

attachment to target species appears to be electrostatic interaction.
Selectivity is therefore mainly controlled by surface charge of particles
and targets through the addition of appropriate pH modifiers and
electrolytes. A secondary issue is controlling dispersion, or coagulation
(to produce entrapment), which involves pH modifiers, electrolytes and
surfactants.

Gel Coated Magnetite

The incentive to use gel-coated magnetite was to increase the carrier’s
specific surface area and hence to increase adsorption capacity. Com-
mercial magnetite tends to have a low specific surface area, and is
therefore not a very good adsorbent by itself, in comparison, say, to
amorphous Fe oxide gels [4]. Ferrihydrite was chosen by Chen et al.
because it was amorphous and had well-known characteristics. They
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report that surface binding site density was 1.33 x 10-3 mol/g for ferri-
hydrite as compared to only 2.0 x l0-s mol/g for 2 l.tm-sized magnetite
(that is, more than 50 times lower) [4].
Chen et al. studied the removal of Cr(VI) and Zn using a composite

adsorbent prepared by precipitating ferrihydrite onto magnetite [4].
During the first cycle, the coated particles adsorbed twice as much metal
as non-coated magnetite. This application was found to have two main
drawbacks. First, a decline in adsorbent performance was observed, due
to the accumulation of adsorbate on the solids (after 10 cycles, the
adsorbent had lost 90% of its capacity). Second, the composite adsor-
bent was found to lose its coating during desorption.
A similar study was reported by Anderson et al. 10]. Ferric hydroxide

gel was deposited on fine magnetic particles, and tested for the removal
of color and turbidity from wastewater. The study pointed to the
amphoteric behavior of ferric oxide, meaning that its surface can be
either acidic (i.e., positive) or basic (i.e., negative) depending on the pH.
The surface species involved are:

Fe-OH + H+ # FeOH- (1)

Fe-OH + OH- # FeO- + H20 (2)

In this work the pzc for ferric oxide was aboutpH 8. Negatively charged
colloids were adsorbed at pH below 8, and particles were regenerated at
pH above 8. The main drawback of this method, as in the previous, was
the poor integrity (i.e., long term stability) ofthe gel coatings. Substantial
gel loss occurred after each regeneration, and in some cases all the gel was
gone after as few as 6 cycles. More information on the anaphoteric nature
ofthe ferric oxide surface, and adsorption phenomena on oxide surfaces
can be found in the study by Benjamin et al. [11].

Magnetic Polymer Resins

Work on magnetic polymeric beads, also called magnetic resins, was
initiated by Bolto et al. in Australia, in the Division of Chemical Tech-
nology ofthe CSIRO 12]. The initial idea was a continuous ion exchange
process to overcome some problems of the conventional ion exchange
process. In compact bed systems, the operation is not truly continuous, is
relatively COlnplex, and attrition ofthe resin can be significant. The use of
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conventional ion exchangers in a fluidized bed suffers from the low
density difference between the resin and water phases, resulting in
reduced contacting and stage efficiency. Magnetic ion exchangers were
designed to increase sedimentation rate (by exploiting magnetic floc-
culation), without decreasing reactivity so that they could be used in
continuous fluidized bed systems. Such ion exchangers are characterized
by high reaction rates (as a result ofsmall particle size, and large reactive
surface area) as well as fast sedimentation [12].
Two principal types of magnetic resins (i.e., homogeneous and het-

erogeneous) have been developed. Homogeneous resins consist either of
a magnetic material uniformly distributed within the cross-linked ion-
exchange resin, or of magnetic material and micro ion exchangers (e.g.,
activated carbon), uniformly distributed within an inert cross-linked
polymer [13]. In this latter type, selectivity is controlled by allowing the
permeability of the resin to vary by the nature and degree of cross-liking
of the polymer backbone, in order to limit the size of the molecules able
to penetrate the resin matrix [3]. Laboratory and pilot plant studies were
carried out to test the use ofthese magnetic resins in the dealkilization of
water, and showed the technical viability of such applications [12,14].
However, the regeneration of the resins was not easy, and if it required a

strong acid or base, the magnetic oxide could degrade [3].
The second type of resins, heterogeneous, or whisker type resins,

consist of active polymeric chains grafted onto a core of magnetic
polymer ofthe former homogeneous type [13]. The claimed advantage of
the heterogeneous type is that grafting ofa precursor monomer followed
by chemical modification enables a wider range ofexchange resins to be
produced [15]. For heterogeneous resins, the selectivity can be tailored
by choosing the appropriate type of active polymer to be grafted on the
surface. This capability to tailor the selectivity of the carrier by choosing
the functional group of the graft is referred to as functionalization.
Anderson et al. [16] tested different types of homogeneous and het-

erogeneous magnetic resins for the removal of color and turbidity from
wastewater, and found two main problems. First, the polymer grafted
resins could become irreversibly fouled, and second the cost of the par-
ticles was prohibitive. Research on these kinds of magnetic resins was
consequently discontinued.
More recently, Furusawa et al. 17] have prepared particles consisting

of a micrometer-sized polystyrene latex core coated with a shell of
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ultrafine (d<20nm) magnetic particles. Another study, from
Butterworth et al. [18], reports on the synthesis of colloidal dispersions
by polymerizing pyrrole in ultrafine silica-coated magnetite suspensions.

SiroflocTM Process

The same CSIRO research group tested the direct use of magnetite
particles [19]. Magnetite particles were activated at pH 4-6, resulting in
protonated surfaces following a mechanism similar to that discussed in
the section on bare magnetic iron oxide carriers (reaction (1)). Proto-
nated surfaces provide good adsorption sites for negatively charged
colloids or suspended solids. The study showed that alkali treated
magnetite was an effective reusable coagulant-adsorbent. Adsorption
was performed at pH 4-6, and regeneration was achieved in a weak
(0.1 M) NaOH solution. It was also shown that for highly turbid and
colored waters, an alternative preferable to adding more magnetite was
to add small amounts ofcoagulant or flocculant. The effect ofmagnetite
particle size, pH, and stirring speed was investigated. Very poor coag-
ulation was obtained for particles above 6 lam, due to their low specific
surface area. For particles below lam, on the other hand, settling rates
were detrimentally slow. The operating size was consequently chosen in
the range 1-5 lam. Removal was effective only below pH 5, due to a more
protonated surface, and to the compression of the double layer. Too low
a stirring speed resulted in fewer particle-particle contacts and lower
removal efficiency, while too high a rate of stirring resulted in excessive
shear forces which disrupted agglomerates. Stirring speed of 160 rpm
was selected for the mixing stage. Regeneration was performed in 0.1 M
NaOH, and ’no significant deterioration in the adsorption efficiency
over prolonged reuse’ was observed. This work from Kolarik [19] was
the starting point for the development of a very successful process for
wastewater treatment, the SiroflocTM process. Process development,
pilot plant studies, and full-scale applications will be presented in the
section on process development and industrial applications.

Subsequent research on the SiroflocTM process investigated the role of
different polyelectrolytes in water clarification, which led to a better
understanding of the process [20]. The proposed mechanism is the fol-
lowing. At pH 6, magnetite has a positive surface charge. Upon contact
with water it rapidly adsorbs color in the form of soluble organic anions
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and some of the negatively charged turbidity particles. The loaded
magnetite then has a negative surface charge. The addition of cationic
polyelectrolytes causes the remaining negatively charged impurities to
be bound to the loaded magnetite, with the polymer acting as a bridge.
A more recent study showed that traces of cationic polymer can become
attached to the negatively charged oxide under alkaline regeneration
conditions [21]. It was concluded that an ideal polymeric agent would be
one that is cationic under acidic condition and neutral or preferably
anionic in alkali solution. Such polymers are called amphoteric poly-
mers. A trade-off must be found between the anionic character of the
polymer, which improves regeneration, and the cationic character,
which allows for high removal efficiency.

Surfactant Functionalized Magnetic Carriers

Functionalization of magnetic carriers was mentioned in the section
on the whisker-type heterogeneous resins created by Bolto et al. The goal
was to graft active polymeric chains on a core magnetic resin in order to
tailor an active functional group for adsorption of the target species. A
similar idea can be applied using surfactants instead of polymers: Using
sequential layering of amphiphilic molecules on the surface of magnetic
particles, Hwang engineered a unilamellar magnetic liposome [22,23].
The inner layer amphiphile has a functional group with an affinity for
the metal oxide surface, and the outer layer amphiphile is built on top of
the inner one through hydrophobic association between hydrocarbon
chains.

Another development in this direction was initiated by Liu and Xu
[24,25]. They investigated the functionalization ofnanosized maghemite
(’)’-Fe203) particles by coating them with a monolayer ofbolaamphiphile
surfactants. A bolaamphiphile surfactant contains two different head-
groups, one at each end, in this case with one group intended to bind
to the magnetite particle and the other designed to attach to the tar-
get. The bolaamphiphile used was HS-(CH_)5-COOH (16-mercap-
tohexadecanoic acid). It was demonstrated that the surfactant is
anchored to the magnetic particle by chemisorption via the carboxylic
(COOH) group, and that the adsorbed layer is dense and resistant to
acid or base leaching [24]. Further tests showed that thio groups are
reactive for adsorption of metal ions such as silver and copper [25].
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It was also demonstrated that the loaded metal ion could be removed by
acid stripping, but that the loading performance tended to decrease upon
subsequent reuse [26]. More systematic work remains to be done to assess
selectivity and the performance of such functionalized particles upon
prolonged use.

Silanation on Metal Oxides and Silica Coated Metal Oxides

One type of commercial magnetic carrier originated from the work of
Whitehead et al. [28]. Their preparation is based on the formation of
silane polymers by condensation of 3-aminopropyltrimethoxysilane on
the surface ofmagnetite particles. The silane polymers associate with the
metal oxide either by forming a covalent bond with surface hydroxy
groups through dehydration, or by adsorption of silane polymers onto
the metal oxides. The resulting magnetic particles can be further func-
tionalized to amine or carboxylic acid terminated carriers. The same
method has been applied to the silanation ofmaghemite particles by Liu,
who prepared a stable magnetic carrier by silane condensation on silica
coated maghemite particles [26]. It has been shown recently that the
surface coating on magnetic partcile by direct silanation is unstable,
experiencing significant degradation in a base environment [27].

Other Techniques

In his review on magnetic coating and magnetic carrier technologies,
Parsonage reports magnetic oil and chemical coating applications [5].
The principle of magnetic oil is that oil droplets will readily attach to, or
spread over, the surfaces of particles that have been made hydrophobic
or oleophilic. If the oil contains a finely dispersed magnetic phase, then a
magnetic coating is formed. The so-called chemical coating methods
consist in the conversion ofthe surface layer ofa non-magnetic or weakly
magnetic mineral to a more magnetic phase. These methods include
roasting, oxidative alkaline pressure leaching, or surface decomposition
of a gas phase [5].

Process Development and Industrial Applications

Results from Kolarik [19] on the SiroflocTM process (see section on the
SiroflocTM process) were followed up by studies on process development
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and pilot plant operation [29,30]. The process development study
showed that magnetite had to be demagnetized before contact with the
water, in order to be fully dispersed and to present its ’full’ surface area
[29]. Figure 3 shows the process block diagram proposed by Anderson
and Priestley, Figure 4 shows the corresponding process flow diagram,
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FIGURE 5 Pilot plant flowsheet and equipnent specification (reprinted from Water
Research, Vol. 17, Anderson and Priestley, Colour and turbidity removal with reusable
magnetite particles V, p. 1232, Copyright 1983, with permission from Elsevier
Science).

and Figure 5 is a schematic representation of the pilot plant flowsheet
with the equipment specifications (from [29]).
The patented SiroflocTM process has been successfully demonstrated

on a 0.2ml per day pilot plant at Malabar sewage treatment plant,
Australia, and has been successfully scaled-up to 5 ml per day [31]. The
plant in Malabar was efficient in removing floating, suspended, and
colloidal solids, as well as oil, grease, color, phosphates, and coliforms.
The first SiroflocTM application outside Australia was commissioned

in 1988 by Yorkshire Water at Redmires, England. Pilot plant studies
and process development were carried out at Morehall Water Treatment
Works, Yorkshire, on a 0.45 ml per day scale [32]. It was demonstrated
that the process can produce water which complies with EC Drinking
Water Directive. Another study analyzed the first four months of
operation at the full-scale 20 ml day Redmires water treatment plant and
showed that highly colored waters were efficiently treated [33]. The unit
cost for potable water was lower or at least equivalent to that of other
modern treatment works. The process avoided the use of primary coag-
ulants and eliminated the problems associated with the carry-over of
residual coagulant. Finally, the process enhanced the robustness of the
plant in adapting to major changes in raw water quality.
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Summary of Design Principles and Way Ahead

From this review, some key characteristics for the design and prepara-
tion of magnetic carriers can be outlined. The following address the
issues of removal (or adsorption) capacity, selectivity, robustness (or
potential for prolonged reuse), process parameters, and costs.

Selectivity

Two principal ways by which selectivity is achieved are electrostatic
adsorption and functionalization. For magnetite based carriers, elec-
trostatic adsorption is the main interaction mechanism affecting selec-
tivity. Electrostatic adsorption occurs either by hetero-coagulation of
species of opposite surface charge or by double layer compression.
Selectivity can be monitored by controlling the zeta-potential of the
species, and is usually achieved by adjusting pH, ionic strength, or by
surfactant addition. It was established that the amphoteric character of
iron oxide species allows the reversible adsorption and desorption of
target species by setting the pH below or above the pzc. Functionaliza-
tion relates to specific coupling mechanislns between the surface species
of the carrier and the surface species of the target. Highly selective car-
riers can be designed this way, based on the key-lock principle. The
selectivity in this case depends primarily on the ability to prepare func-
tionalized particles. Surfactant coated magnetic particles and graft
polymerized magnetic polymer beads were developed for this purpose.

Removal Capacity

Removal, or adsorption capacity depends mainly on the available
reactive surface area, or the surface binding site density of the magnetic
carriers. Particle size is crucial with respect to reactive surface area. For
example: 16 gm particles have a surface area of 2 m2/g while 30 nm sized
particles have a surface area of40-50 m2/g. In the case offunctionalized
carriers, the corresponding parameter would be functional group
density. Another key point is to maintain the colloid in a dispersed form,
to present maximum available surface area. Therefore, the colloidal
stability of the carrier suspension is a factor to monitor. The parameters
affecting colloidal stability are mainly surfactant addition, and pH.
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Robustness

Some problems seem to arise with "composite" carriers (e.g., gel-coated
or functionalized) upon prolonged use. The two issues at stake are:
coating deterioration, and irreversible adsorption of the species. The
first issue relates to the robustness ofcoatings: i.e., the resistance to acid
and base attack during regeneration, as well as the resistance to shear
and other mechanical shocks during use must be assessed. Composite
materials are obviously the ones prone to these kinds of problems. The
other problem is associated with desorption of adsorbed species: how
reversible is the adsorption of the species to be removed? No problems
occurred with bare magnetite particles, but some arose with magnetic
polymer beads and gel coated magnetite. A related issue is the kinetics of
desorption, which should also be assessed.

Process Parameters

One of the principal advantages of magnetic carrier technology is that
it can be easily used industrially. Magnetic carriers allow for truly con-
tinuous processes. They can be used in fluidized beds. Appropriately
designed magnetic carriers can allow fast reaction rates, high separation
efficiency, and selective separation. One of the key parameters in the
adsorption processes is the stirring speed. This has to be optimized so to
allow high contacting rates while avoiding excessive shear. Some other
parameters related to the dispersion of the colloid, include demagneti-
zation and pH control.

Cost Considerations

Some full-scale applications have shown that a careful design of a
magnetic carrier based process can be economical. Some of the costs
incurred for materials such as magnetic carriers and reagents can be
offset by the improved process efficiency and by the reuse of the carriers
and the recycling of the separated species.

The Way Ahead

Many challenges remain, in particular in the area ofcomposite magnetic
carriers. There are two main issues: First, to "graft" appropriate function
groups on a magnetic core while leaving the function group "free" for
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further reaction; second, to provide a stable, robust composite that will
not degrade upon regeneration and reuse. A third issue is to maximize
the density of function groups to increase adsorption capacity.
The only large-scale application so far is of the SiroflocTM process,

where magnetite is used as an indifferent adsorbent to remove various
kinds of contaminants in municipal waters. There is a need to develop
magnetic carriers that combine the robustness, ease ofuse, and potential
for industrial application of bare magnetite with the specificity (or
selectivity) of polymer grafted resins.

CONCLUDING REMARKS

Magnetic carrier principles and some of the technologies developed
to date have been described. It was demonstrated that magnetic carriers
can provide an innovative and efficient way to apply magnetic separation
to non-magnetic species. The advantages over conventional methods for
metal ion removal (e.g., precipitation and ion exchange) have been
outlined. Magnetic carriers have been designed and developed to com-
bine the advantages of adsorption technologies (such as ion exchange
resins or activated carbon), namely removal to very low concentrations,
specific adsorption of target species and fast reaction rates, with the
advantages of magnetic separation, namely high separation efficiency
and fast, continuous processing.
A wide variety of processes have been presented, ranging from the

unselective, large scale SiroflocTM process, to the very specific labora-
tory scale affinity separation carriers used in biological cell separation.
Two main kinds of carriers have been developed, bare carriers where
adsorption occurs directly on the surface of the magnetic material and
is controlled primarily electrostatically, and composite carriers where
adsorption is controlled by the properties of a material bound to the
magnetic particles. Composite carriers were developed for two purposes:
(i) to increase the loading capacity of the carrier (e.g., gel-coated mag-
netite), and (ii) to increase the selectivity of the carrier by tailoring the
functional group responsible for adsorption (e.g., whisker-type resins).
For selective recovery of metal ions from effluents generated by the
metallurgical industry, there is still the need to develop inexpensive
magnetic carriers that would combine high loading capacity, robustness,
and selectivity.
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