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Introduction

Magnetite (FeO·Fe2O3) has been used to separate a wide
variety of substances, such as dissolved metal species,
particulate matter, and organic and biological materials
[1]. In the absence of an external magnetic field, activated
magnetite readily adsorbs numerous metal species
including actinide elements [22]. In the presence of an
external magnetic field, a synergistic effect was observed
in using supported magnetite in a fixed-bed for removal of
plutonium and americium from wastewater [15, 16]. Using
a magnetite-containing polyamine-epichlorohydrin (MPE)
resin bead, Kochen and Navratil observed that in the
presence of a relatively weak magnetic field (0.3 Tesla),
the sorption capacity of the resin for both plutonium and
americium increased by a factor of five compared to data
that was obtained with unsupported magnetite particles in
the absence of a magnetic field. These observations may
be explained by a nanolevel high gradient magnetic separ-
ation (HGMS) effect, as plutonium and americium are
known to form colloidal particles with satisfactory magnetic
properties at elevated pH [10]. When the field of the
magnet is turned on, the magnetite particles are magneti-
cally induced, creating a field, or locally induced magnetic
moment, that contributes to the net field sensed by the
colloidal particles. When the magnetic force is sufficiently
greater than the force associated with Brownian (thermal)
motion and in excess of convective forces, the magnetic
force created by the field can be attractive and large enough
to allow the magnetite to adsorb the colloidal particles.
When the field is turned off, the nanoparticles are released
and dispersed in solution by thermal motion or convective
forces. This process has been referred to as magnetic swing
adsorption [23].

Throughout the world, and in particular at the INEEL,
there are urgent needs for improved, and primarily, less
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expensive processes for the treatment of toxic metal
contaminated water [8, 11, 18, 28]. Metal contamination
comes in many different forms. For example, industrial
wastes such as those from the semiconductor, chrome
plating, and mining industries result in large volumes of
contaminated water either directly as effluent to a water
supply or indirectly through leaching from storage lagoons
to rivers, streams, or aquifers. Government programs for
the production of military equipment and weapons have
also contributed to metal contamination in various waters.
In some cases these metals may be radioactive, as is the
case at the INEEL where the aquifer beneath the Test Area
North facility is contaminated with the fission products
cesium-137 (137Cs) and strontium-90 (90Sr) above the
United States drinking water standards [29].

World wide it is estimated that the annual cost of water
purification exceeds $100 billion. With ever-stricter water
quality standards and the need for improved methods,
simple and inexpensive technologies for water treatment
are significant business growth areas. The preliminary
results of scoping studies reported here are for the develop-
ment of such a process for water treatment using iron ferrite
(magnetite) sorption enhanced with a magnetic field.

Background

There is extensive coverage of magnetite and high gradient
magnetic separation (HGMS) for water treatment in the
scientific literature. A summary of the developments in the
field from the past thirty years is presented below.

Magnetite, or iron ferrite (FeO·Fe2O3), is a naturally
occurring mineral, but also can be easily prepared in the
laboratory from solutions containing ferric and ferrous ions
[25, 27] with a Fe(III)/Fe(II) ratio of 2. Both chemical
analysis and Mössbauer spectroscopy have measured the
resulting magnetite to be within 10% of the stoichiometric
composition [25]. Magnetite has been shown to remove
a variety of substances from water, such as dissolved metal
species, particulate matter, and organic and biological
materials [1]. In the absence of an external magnetic field,
activated magnetite or synthetically prepared iron ferrite
readily adsorbs numerous metal species including actinide
elements and metals [22]. Magnetite has been shown to
have a maximum theoretical cation adsorption capacity of
5.386 mmolg−1 based on perfectly formed unit size crystal
structure with a surface area of 95.2 m2 g−1 [27]. Natural
magnetite has a lower loading capacity on the order of
0.825 mmolg−1 due to its reduced surface area of 5.59 m2 g−1.
In the presence of an external magnetic field, a synergistic
effect has been observed in using supported magnetite in
a fixed-bed for removal of plutonium-239 (239Pu) and
americium-241 (241Am) from wastewater [16]. This implies
that the low adsorption properties of magnetite for metal
ions can be overcome if the solution can be altered to place
the metals in a solid form such as a colloid. Most mechanical
filtration systems are only slightly effective at removing
colloids, so this magnetic field-enhanced process offers
a substantial improvement. There are two primary modes
of contaminant removal: 1) metal ion adsorption by
magnetite, and 2) particulate metal adsorption through
HGMS by the magnetite magnetic matrix.

Kochen and Navratil [15, 16] patented a process
whereby a magnetic polymer resin provided for the efficient

removal of actinides and other heavy metals from contami-
nated water. A polyamine-epichlorohydrine (PE) polymer
was synthesized with magnetite to form the MPE resin.
The patent further details the removal of 239Pu and 241Am
from aqueous solutions at elevated pH.

Magnetic separation and HGMS processes have been
used extensively in the processing of minerals [14], and
more recently for water treatment and environmental
applications [19]. This research differs significantly from
common magnetic separation and HGMS processes.
Conventional processes [12, 13, 26] use, for example, a fine
steel wool to form a magnetic matrix within a flow field of
a solution containing mineral particles to be separated. For
these processes, in order for effective separation to occur,
precipitating or flocculation agents must first be added to
effect formation of large particles (>1 micron in diameter).
In contrast, the magnetic adsorption process of the Kochen
and Navratil patent [16] is unique because the adsorbent
material not only acts as a magnetic matrix, but it also
contains an adsorptive component to the system. This
adsorptive component allows for the removal of soluble
metal species (e.g. hydroxide complexes) from solution,
while the magnetic matrix allows for the removal of nano-
particles through a HGMS effect.

Other literature citations have reported varying degrees
of contaminant removal with magnetite both in and out of
an external magnetic field. Petković and Milonjić [24]
reported the adsorption of cesium on magnetite through
the presentation of Langmuir-type adsorption isotherms
for various pH between 7.6 and 10.4 based on batch
experiments. Adsorption of cesium was shown to increase
with pH although the mechanism was not presented. Peak
adsorption of 0.086 wt% (6.5E-3 mmolg−1) was reported
at pH of 10.40. Milonjić and Ruvarac [21] reported the
adsorption of cesium(I), cobalt(II) and cerium(III) by
magnetite at pH of 2.2 by batch experiments. Cobalt
adsorption was reported as less than 5 wt% although actual
data were not provided to verify the magnitude. Milonjić
et al. [20] presented the adsorptive properties of magnetite
with respect to alkali metal ions, also through batch
experiments. Early work of Boyd et al. [2−4, 6] reported
the iron ferrite process was effective for plutonium removal
in the pH range of nine to thirteen. Kochen et al. [17]
reported similar removal efficiencies for actinides when
the magnetite was activated with sodium hydroxide and
barium hydroxide solutions. Boyd et al. [5, 7] reported the
effect of dissolved chemical species on ferrite formation
and plutonium removal as well as the evaluation of
alternative methods for ferrite production including the
use of commercially available magnetite. Dixon [9]
reported the removal of “colour and turbidity” through the
addition of 5−10 µ magnetite particles. Dixon identifies
both the adsorption of colloidal impurities and soluble
species at the magnetite surface.

Experimental

Figure 1 depicts the laboratory testing apparatus. The
arrangement allowed for simultaneous testing of magnetite
supported in a variety of ways in a column both in and out
of the magnetic field. Both columns received identical feed
with the exception of any variances associated with the short
(60 cm) section of tubing from the pump to the column.
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The 1 liter flask containing the cobalt solution was
continuously sparged with nitrogen and stirred with
a Teflon coated magnetic stirring bar. A Corning pH probe
(Deep Vessel Combo w/RJ, Model # 476306, Corning, NY,
U.S.A.) connected to a Corning pH/Ion Analyzer (Model
# 350) was used to record pH during the experiment.
Values of pH were recorded at the completion of each
sample activity. A single suction line was connected to a T-
fitting just prior to the Masterflex® Console Drive (Model
# 7521-50, Barrington, IL, U.S.A.) tubing pump fitted with
two Masterflex® pump heads (Model # 7518-00) operating
off of the same drive shaft. The individual feed lines went
directly to the top of the test columns where they were
fitted with a reducing union and a short (1 cm) section of
tubing to obtain a tight seal in the top of the column. The
columns used are Fisherbrand™ serological 10 mL pipets
(Model # 13-678-315, Fisher Scientific, Pittsburgh, PA,
U.S.A.) having an approximate outside diameter of 1 cm
and an inside diameter of 0.8 cm for a column cross
sectional area of 0.5 cm2. The columns are preloaded with
approximately 0.2 g of glass wool as a support to hold the
sorbent in place. The columns used in these experiments
generally were loaded with 1−3 g of the magnetite and
support media mixture. The density of the test material
varied from batch to batch so that we could evaluate loading
and size for removal efficiency. The “rule of thumb” for
the experiments was to use a mass of sorbent sufficient to
obtain approximately 5 cm of column depth, which matches
the vertical height of the magnet. The columns were sup-
ported in standard laboratory ring stands so that the orien-
tation to the magnetic field could be maintained consist-
ently throughout the experiments. The column located
outside of the magnetic field was located approximately
30 cm away from the magnet apparatus where the magnetic
flux density was measured to be less than 0.01 Tesla.

The magnet is a commercially available neodymium-
-iron-boron permanent magnet in a rectangular solid shape
of approximately 5 by 5 by 2.5 cm in dimension (Magnet
Sales, Model No. 30NE2812864, Culver City, CA). Two of
these magnets are mounted on opposing base plates
separated by two lead screws controlled by a chain driven
hand crank. The magnets can be separated up to 20 cm
down to zero by adjusting the hand crank. A maximum
magnetic flux density of 1 Tesla can be achieved when the

magnets are separated by less than 1 cm. Table 1 lists the
various flux densities obtained as a function of distance
between the magnets (Model No. 450 Gaussmeter,
Lakeshore Crytonics, Inc., Westerville, Ohio).

Flow was downward (with gravity) for all of the
experiments. The columns were flushed with water prior
to introduction of the feed to stabilize the particles with
regard to swelling due to moisture and Brownian and
convective motion induced settling. The columns were
initially filled with water to an equal mark representing
approximately 6 to 8 mL of water above the top of the
sorbent. This acted as a dispersion network and minimized
the probability of initial channeling of the feed material. It
should therefore be recognized that the first few sample
points are artificially low as they represent some mixing of
the feed with the initial volume of pure water. It is assumed
that after 50 mL of throughput the effluent should
reasonably represent the feed with the exception of any
material being removed by sorption by the sorbent.

Simulated waste stream preparation

All column studies were carried out with a similar simulated
feed preparation process. Laboratory grade water filtered
to >17.4 megohm-cm was sparged with nitrogen for approxi-
mately ten minutes prior to the addition of the test metal
contaminant and the nitrogen sparge was continued through-
out the experiment in an attempt to minimize oxidation
variations. The metal powder used in these experiments
was primarily cobalt(II) carbonate hydrate (CoCO3 · xH2O),
obtained from Aldrich (Milwaukee, WI) which was added
to obtain an approximate 10−25 mg/L cobalt concentration.
Other metals were used for other experiments with similar
reagent grade quality and manufacturer.

Additional experiments were carried out using ground-
water obtained from the Snake River Plain Aquifer in
southeast Idaho. This groundwater was used to evaluate
the natural pH, pH buffers, and ionic strength inherent to
groundwater without having to formulate a laboratory
surrogate. The groundwater was not sparged with nitrogen.

Analytical procedures

An Atomic Absorption Spectrophotometer (Perkin-Elmer,
Model 5100, Norwalk, CT, U.S.A.), using an air-acetylene
flame, was used for cobalt and other metal analysis of all
samples. Feed samples were taken from the end of the
tubing just prior to the test columns at the beginning and
end of the experiment when practicable. Previous experi-
ments showed cobalt sorption on the glassware and tubing
internals tended to reduce the amount of cobalt actually
running through the test column. Feed samples were
collected in 15 mL centrifuge tubes diluted with 2 mL of

Separation distance (cm) Magnetic flux density (Tesla)

 1 0.98
 3 0.62
 5 0.28
 7 0.14

Table 1. Magnetic flux density vs. magnet separation distance for
magnet apparatus used in this work.

Fig. 1. Experimental apparatus for column studies used in this
work.
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1M nitric acid (HNO3) yielding a 12 mL feed sample (1 mL
void in sample tube). Column effluent samples were
collected in 25 mL volumetric flasks diluted with 2 mL of
1M HNO3 yielding a 23 mL effluent sample. The effluent
samples were mixed by hand shaking the flask and then
approximately 14 mL was transferred to 15 mL tubes for
analysis. Calibration standards were prepared with com-
mercially available 1000 µg/mL standard from VHG Labs,
Inc. (Manchester, NH), Product No. PCON-100 for cobalt.
Standards of 1, 7, 15 and 25 mg/L were used with a non-
-linear calibration protocol for cobalt. Sample blanks were
run between every analysis and each individual result
represents the average of two separate triplicate analyses
performed by the spectrophotometer. Calibration checks
were performed at the beginning and the end of the analysis
run and periodically in between, roughly after every tenth
sample.

Analytical results were manually entered into
a Microsoft® Excel spreadsheet where dilution corrections
and graphical plotting were performed. Plots of effluent
concentration vs. throughput require some clarification.
The throughput data point represents an average value for
the effluent concentration based on the throughput at the
beginning of the sample and the end of the sample. For
example, the first sample point is plotted at a throughput
value of 11.5 mL which is the average of the throughput at
0 and 23 mL respectively although 23 mL have actually

passed through the column. Plots of the ratio of the effluent
concentration to the influent concentration (C/C0) vs. bed
volumes (BV) of throughput are shown.

Results

Various support media and mixture ratios were evaluated.
Pure magnetite powder was obtained from commercial
suppliers generally in the size range of 1−5 µ. A column of
pure magnetite has very poor flow characteristics, namely
almost complete plugging except for under extreme pressure.
It is therefore required to mix magnetite with a support
media to allow reasonable flow characteristics to support
reasonable treatment rates. Media such as glass wool, glass
beads, silica gel, sand, natural fiber twine, etc., were
evaluated in different magnetite/media proportions. We
have selected a glass bead support media for further testing
based on its superior flow characteristics compared to the
other media evaluated. Table 2 details various column
composition flow tests.

Figure 2 depicts an experiment where column 1 con-
tained 100% glass beads and column 2 contained a 50/50
mixture by weight of glass beads and magnetite. The glass
bead column clearly achieves 75% breakthrough very
quickly (as expected) while the magnetite mixture column
achieves approximately 50% breakthrough and levels off.

Fig. 2. Glass bead vs. magnetite/glass
bead composite column studies results.

Column composition   Flow rate Notes

(wt%/wt%) (mL.min−1)

100 Glass wool 50 unaltered glass wool
100 Magnetite   0 column did not saturate
50/50 Ground glass   0 column did not saturate
Wool/Magnetite glass wool was ground in a ball mill
70/30 Glass wool/Magnetite   0.07 unaltered glass wool
50/50 Glass wool/Magnetite   0.03 unaltered glass wool
100 Sea sand   7.3
80/20 Sand/Magnetite   2.2
70/30 Sand/Magnetite   0.25
50/50 Sand/Magnetite   0 column did not saturate
75/25 Dowex® resin/Magnetite   0.4 Dowex® 50 WX8-200 cation resin
60/40 Dowex® resin/Magnetite   0.95 Dowex® 50 WX8-200 cation resin

Table 2. Scoping studies
results (gravity flow).
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The initial rise in the effluent concentration of column
2 and subsequent leveling off at a steady state value can be
explained as follows. The feed concentration consists of
cobalt in three specific species, cobalt ion, cobalt hydroxy-
-based complex ion, and cobalt hydroxy-based solids (as
a colloid or precipitate). Ionic sorption of cobalt and its
complexes can take place either as an ion exchange with
iron species within the spinel structure (most likely an
insignificant amount) or surface sorption as a result of
localized charged areas formed by the configuration of
materials within the lattice as explained in layer theory [27].
Contaminant removal may also be by mechanical filtration
due to a more tortuous path developed by the glass bead
and magnetite mixture. Another form of sorption is ex-
plained by HGMS whereby magnetically susceptible cobalt
particles are attracted and sorbed to the surface of the
magnetite particle in the presence of the magnetic field.
HGMS is ruled out in Fig. 2 due to the absence of a mag-
netic field. We believe the initial rise to steady state
accounts for ionic sorption (as well as initial column dilution
effects) and the steady state value represents particle
capture. The steady state effluent value represents pri-
marily the ionic cobalt species that are no longer capable
of being sorbed by the magnetite due to exhaustion of the
ionic sorption sites.

Figure 3 depicts an experiment where the column
contains equivalent amounts of a 50/50 mixture of glass
beads and magnetite. Column 1 is in the magnetic field
and column 2 is out of the magnetic field. The enhanced
sorption in the presence of the magnetic field is clearly
shown.

The feed consisted of predominantly cobalt particles
at this experimental pH. Similar explanations are applicable
for these experiments. The ionic sorption fraction is small
in comparison to the particle sorption capacity. Therefore
the rise to steady state for the column out of the magnetic
field is primarily attributed to the small volume of pure
water in the column providing initial dilution (as explained
earlier) and the small ionic sorption capacity.

The three-step process shown between Figs. 2 and 3
identifies successive improved contaminant removal
capabilities as the sorbent goes from glass beads to glass

beads and magnetite to glass beads and magnetite in a mag-
netic field.

Table 3 provides a summary of the raw data for various
scoping experiments performed to evaluate several param-
eters of magnetite-based magnetic treatment columns. For
example, the first two entries compare the removal capacity
for a 50/50 wt% mixture of magnetite and silica gel both
with and without an applied external magnetic field.

It can be clearly seen that the bed material has nearly
identical contaminant breakthrough regardless of the mag-
netic field. This indicates the removal capacity is not magneti-
cally enhanced. Further comparisons in the Table include
100% glass beads vs. a 50/50 magnetite glass bead mixture
(see 49 and 50) whereby the glass bead only column showed
breakthrough almost immediately and the magnetite/glass
bead column delayed breakthrough by a factor more than
20. This was performed without a magnetic field applied
to either column indicating the removal capacity of the
natural magnetite and glass bead mixture. Variation of pH
was performed to evaluate the ion vs. particulate removal
capability of the treatment columns. In addition to the
natural sorptive capacity of magnetite for ions, it was
envisioned that particulate capture could also be obtained
through magnetic means. Magnetic field variations can
affect several factors in column performance. For magneti-
cally susceptible contaminant particles, external magnetic
fields create internal magnetic attraction sites on the
magnetic column material. In addition, external magnetic
fields alter somewhat the orientation and packing of the
magnetite column materials leading to changes in porosity
and resulting flow resistance. Flow rate variation enabled
us to evaluate the relative strength of the magnetic pack
material vs. flow forces. Other experiments with more
conclusive results are presented in graphical form in other
sections of the paper.

Conclusion

Via scoping studies, we have identified suitable support
media for mixing with natural magnetite that achieves satis-
factory flow characteristics while retaining the magnetic

Fig. 3. Column studies showing magnetic field
enhanced adsorption.
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field-enhanced sorption properties of magnetite. The process
shows effective removal of cobalt, both particulate and
ionic/complexed forms. Additional experiments have been
conducted to evaluate iron, calcium, magnesium, strontium,
and cesium. Preliminary results indicate that natural com-
ponents of groundwater such as calcium and magnesium
have no deleterious effect on the process. Cesium and stron-
tium are not effectively removed, but use of Cs/Sr selective
ion exchange resins as supports in place of glass beads would
provide for their removal along with cobalt and actinides.
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