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ABSTRACT

A high-gradient magnetic separation system has been developed

for capture and retrieval of ultra-low plutonium oxide concen-

trations. The application of advanced matrix materials and

improved methodology has demonstrated the effective collection

and recovery of submicron paramagnetic actinide particles with

particle concentrations as low as 10223 M. Incorporation of

multiple passes during recovery of magnetically captured particles

improves the system mass balance. Activity balances for plutonium
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were verified with stringent sampling protocols. Collection and

recovery values demonstrate that 99% of the submicron plutonium

oxide particles can be accounted for when recycle loops are

incorporated into capture and recovery circuits, magnetically

captured particles are released by sonication, carrier fluids are

organically based, and longer matrix lengths are utilized.

Key Words: Plutonium oxide; Actinides; High gradient mag-

netic separation; Dendrites; Paramagnetic; Steel wool; Mass

balance; Submicron

INTRODUCTION

Magnetic separation has been developed and utilized in a wide variety of

applications.[1 – 8] Selective recovery of actinides has been realized in wastewater

and soil remediation, high-level waste treatment, and nuclear material

recovery.[9 – 15] Currently, the Department of Energy (DOE, NN-20, Office of

Nonproliferation and National Security) is developing separation technologies

for the nondestructive capture and retrieval of actinide particles from samples of

interest.[16]

Trace quantities of lanthanides and actinides emitted from nuclear

processing facilities can hydrolyze under environmental conditions to yield

colloidal or submicron hydrous oxide particles.[17] Colloidal material will remain

suspended in water bodies due to the near neutral pH of the water and small

particle size of the hydrolyzed material. Particulates of interest can also be

retained on debris, clothing, or soils. High-gradient magnetic separation (HGMS)

methods can nondestructively extract small paramagnetic particles from these

systems for subsequent analysis.

HGMS of aqueous submicron ferromagnetic particles has been proven in

previous experimental and theoretical works.[18 – 20] The extension of HGMS for

submicron paramagnetic particles has shown diminishing capture efficiencies

when targeted particle diameters are less than 0.1mm. Additionally, HGMS

modeling efforts have varied in the determination of a minimum particle diameter

required for paramagnetic particle capture. Recently, calculations have indicated

that particles less than 0.04mm diameter appear to require extraordinarily high

magnetic fields or particle magnetic susceptibility for retention in any HGMS

process.[21] A magnetic field enhanced reversible “swing adsorption” process has

been shown to improve colloidal plutonium and americium sorption on

magnetite-coated polyamine–epichlorohydrin resin beads.[22] To date, there has

been no reported experimental data on the paramagnetic capture of submicron

actinide particles with high accountability of the material. The development of
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HGMS for the efficient collection and concentration of submicron paramagnetic

particles is presented here.

EXPERIMENTAL

A low-temperature superconducting magnet with a 3-in. warm bore and 8 T

maximum field strength (Cryomagnetics Inc., Oak Ridge, TN, USA) was used for

these experiments. The baseline matrix material, extruded stainless steel wool

(ESSW), was obtained from MEMTEC Inc. (Deland, FL, USA) in sintered and

unsintered configurations. In addition, acid etched and nickel dendrite-coated

ESSW were also used and the preparation is described elsewhere.[15,16] Scanning

electron micrographs (SEMs) in Fig. 1 show the differences in surface

topography and geometry of the magnetically energizable matrix elements used

in our studies. The figure shows images for baseline ESSW, etched ESSW, and

nickel dendrite-coated ESSW materials. Matrix inserts (3/4 in. I.D., 15 or 0.76 cm

Figure 1. Advanced HGMS matrix materials are shown in the micrographs. From left to

right the materials are as follows: ESSW, acid-etched ESSW, and nickel dendrite grown on

ESSW.
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lengths) were packed with matrix material at 0.90 void fraction. Plutonium oxide

(PuO2) was obtained from ongoing work at Los Alamos National Laboratory.

Specific size distributions of PuO2 were obtained by sedimentation and

decantation procedures relying upon the relationship between settling velocity

and particle diameter described in Stokes Law.[23,24] Particle size distributions

were verified by dynamic light scattering analysis using a Horiba LA 900 (Irvine,

CA, USA). Membrane filters (0.2mm) were obtained from Whatman Inc.

(Clifton, NJ, USA) and used for secondary recovery of the magnetically captured

plutonium oxide particles. Filters were submitted for radioanalysis on a Berthold

Instrument (Oak Ridge, TN, USA). Liquid samples were submitted for liquid

scintillation analysis (LSC) on a Packard instrument (Meriden, CT, USA) with

Optifluor-O as the scintillation cocktail.

Plutonium oxide particles, 0.2–0.8mm diameter, were suspended in a 1:1

(vol:vol) mixture of n-dodecane and 2-propanol. Aqueous solutions were avoided

to eliminate errors from plutonium oxide dissolution and hydrolysis. Plutonium

concentrations ranged from 0.40 to 10 ppb and PuO2 particle concentrations

ranged from 10218 to 10223 M.

A schematic of our experimental array is shown in Fig. 2. Typically, 85 mL

plutonium oxide particle suspensions were pumped through the magnetized

matrix at 0.5 cm/sec superficial velocity and 2 T applied field. The HGMS capture

and secondary recovery circuits could be operated in a single or multiple pass

(recycle loop) configuration. Secondary particle recovery from the matrix was

Figure 2. HGMS system schematic shows the magnetic particle collection on the HGMS

matrix pads and secondary particle recovery in a separate filtration loop.
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accomplished by either: gas sparging with reverse fluid flow direction at high

superficial velocities and zero applied field with the matrix material remaining in

the column, or removal of matrix material from the column, sonic liberation, and

recovery of particles by pumping recovery fluid through a membrane filter.

Particle capture effectiveness and system mass balance were determined

using the masses of the plutonium determined by the total activity from the

various liquid samples and from the filter sample. System performance was

evaluated using a combination of capture effectiveness and system mass balance.

RESULTS AND DISCUSSION

The efficient HGMS capture and subsequent matrix release of plutonium

oxide particles from ultra-dilute suspensions is challenging. Two areas where

HGMS advances have been accomplished in this work include the successful

submicron paramagnetic particle collection from an extremely dilute influent,

and an accountability of all the particles in the recovery processes. In our

experiments, a typical feed solution containing 0.8mm diameter PuO2 particles at

400 ppt plutonium would contain only 65 particles/mL available for capture. To

capture successfully all available actinide particles without alteration of the

particle morphology, the use of a nonaqueous carrier fluid is required to prevent

solubilization. Additionally, careful experimental protocol to eliminate sample

contamination and cross-contamination is demanded.

Typical HGMS systems are designed to capture and remove magnetically

susceptible species from a variety of substrates where the quality of the effluent

stream is important. In our application, it is critical to not only capture the

particles from the carrier fluid, but also to subsequently recover and isolate the

particles from the matrix material for particle analysis. Thus, an experimental

design, which integrates particle mass balance closure, is a significant addition to

a traditional HGMS approach.

Capture Effectiveness

In HGMS, there are several variables affecting the separation

performance.[1] The variables include both material characteristics (particle

size, particle concentrations, magnetic susceptibility, carrier fluid pH, and

viscosity) and separator parameters (matrix element size and spacing, applied

magnetic field strength, residence time, and superficial velocity). For the

application described here, the particle size, matrix fiber diameter, and particle

residence time of the targeted species are the important variables.[15]
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Our HGMS capture effectiveness, 1, is calculated using total activity values

from feed and effluent samples as:

1 ¼ ð½PuO2�feed 2 ½PuO2�effluentÞ=½PuO2�feed ð1Þ

Results are plotted logarithmically in Fig. 3 as 1 2 1 vs. chronological run series,

in order to resolve values of 1 . 99%: As such, values of 1 2 1 approaching

0.001 would indicate a particle capture effectiveness of .99.9% and, conversely,

values of 1 2 1 ¼ 1:0 would indicate zero (0) particle capture.

From the results, the particle capture improves as matrix lengths increase.

Referring to Fig. 3, run series 1240–1257 were conducted using a 15 cm matrix

length, whereas run series 1258–1277 were conducted with a matrix length of

0.76 cm. Limitations in obtaining nickel dendrite-coated matrix material forced

the use of a matrix length of 0.76 cm. In order to maintain experimental

consistency, many of the HGMS experiments applied a shorter matrix length

regardless of the matrix material utilized.

The variability in capture effectiveness, as shown in Fig. 3, when using a

0.76 cm matrix length was reduced when the procedure was modified to include

recycling of the feed solution through the magnetized matrix. The poorest capture

effectiveness when using a single pass through the matrix and a 0.76 cm matrix

length was 82%. Conversely, when using multiple passes through the 0.76 cm

Figure 3. The evolution of the HGMS results is shown. The longer matrix lengths and/or

increased residence time due to recycle loops improve capture effectiveness.
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matrix, the poorest capture effectiveness was increased to 88%. Generally,

modified matrix materials (nickel dendrite or acid etched) performed better,

based on capture effectiveness, than unmodified matrix materials. Particle

capture effectiveness exceeded 90% and often was greater than 99% using the

modified materials. For example, run 1260 had initial Pu concentrations of 10 ppb

and effluent Pu concentration of 30 ppt, which corresponds to .99.9% capture

effectiveness.

As apparent from Fig. 3, the longer matrix lengths and no fluid recycle

reduce the variability and improve the magnitude of particle capture. Particle

capture, when using 15 cm matrix lengths, is generally .99% ð1 2 1 , 0:1Þ: For

example, run 1255 using sintered matrix material subjected to controlled

corrosion achieved a particle capture effectiveness . 99:9%: To achieve similar

particle capture values when using shorter matrix lengths, significant procedural

changes were incorporated such as multiple passes of the feed solution through

the magnetized matrix effectively increasing matrix length and particle residence

time in the separator.

System Mass Balance

Most commercial applications of HGMS systems are not seriously affected

by mass balance discrepancies. However, at ppt particle concentrations and with

particle recovery as the primary objective, mass balance discrepancies must be

kept at a minimum. Our sampling methodology allowed a stringent examination

of potential areas of material losses. Ultimately, a high recovery of targeted

particles proved to be as challenging as efficient particle capture.

Our HGMS system mass balance error (m ) was calculated using total

activity values from all liquid samples and the recovery filter [Eq. (2)]. The

numerator is actually the mass balance.

m ¼ ð½PuO2�feed þ ½PuO2�filter þ ½PuO2�effluent þ ½PuO2�flush

þ ½PuO2�rinse 2 ½PuO2�feedÞ=½PuO2�feed ð2Þ

Figure 4 shows mass balance error, expressed as percent, for a series of HGMS

experiments. Zero percent (0%) indicates total material accountability while

negative values show activity loss and positive values indicate activity gain.

Initial efforts at recovering particles from the matrix involved a traditional

backflush. Using clean carrier fluid, high superficial velocities, reverse flow, and

introduction of gas bubbles captured particles were sheared off of the matrix

fibers and collected for analysis. Substantial variation in particle recovery was

experienced with mass balance errors greater than 20% (^ ) being common.
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These results were unsatisfactory and the secondary particle recovery method

was reassessed.

Sonication, to liberate the magnetically captured particles from the densely

packed matrix material, was integrated into the experimental procedure as an

alternative to gas sparging. The matrix material was removed from the column,

placed in a graduated funnel containing clean carrier fluid and into which a sonic

probe could be lowered and energized. During sonication, carrier fluid was

pumped through the membrane filter to achieve particle recovery. This is

essentially an ex situ matrix cleaning procedure and is shown in Fig. 2.

Initial results from the ex situ procedure with a single membrane filter pass

of the carrier fluid were more effective for secondary particle recovery than gas

sparging. Incorporating multiple passes of the recovery fluid through the

membrane filter improved mass balance errors further such that material losses

generally did not exceed 15%.

Integrated System Performance

There are two elements of importance in the actinide particle recovery

application. The first is particle capture expressed as capture effectiveness, 1, and

the second is particle recovery expressed as system mass balance error, m, as

Figure 4. The figure shows that in the secondary recovery cycle, sonic cleaning, and

multiple membrane filter passes improve mass balance.
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discussed previously. The capture effectiveness should be as close to 1 as

possible and the system mass balance error should be as close to 0 as possible. We

define an integrated system performance parameter, b, that combines both terms

as follows:

b ¼ 1 £ absð1 2 mÞ ð3Þ

where 1 and m are expressed as fractions. This linear relationship gives equal

weight to both parameters and provides a convenient method for comparing the

total system performance. A zero (0) mass balance error and total particle capture

would correspond to a b of 1.0 and would indicate that all particles available were

captured and recovered. Figure 5 shows b for all experiments. The trend observed

is that each procedural modification, in either particle capture or recovery,

incorporated during the project lifecycle had a positive impact on the system

performance. The positive impact is reflected in an increasing b.

For example, run 1273 in Fig. 5 has a reported b approaching 1. The

evolved experimental protocol for 1273 included multiple passes of the feed

solution through a short matrix (0.76 cm), and multiple passes in the secondary

recovery circuit. Run 1273 had an initial plutonium concentration of 1.83 ppb,

and following the HGMS collection, the effluent plutonium concentrations were

0.01 ppb (our detection limits). All the particles that were extracted by HGMS

were subsequently concentrated on the membrane filter generating an overall

mass balance error of 0.6%. As such, .99% of the available targeted particles

Figure 5. HGMS integrated system performance, defined as b ¼ 1 £ absð1 2 mÞ;
improves with procedural modifications.
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were captured, recovered, and available for return to the client for subsequent

examinations.

CONCLUSIONS

The application of advanced matrix materials and improved experimental

methodology in HGMS has shown that .99% of targeted paramagnetic

submicron actinide particles at ultra-low particle concentrations can be captured

and recovered. Longer matrix lengths and/or increased residence time within the

magnetized matrix due to recycle loops improve particle capture. Incorporating

multiple passes of the recovery fluid substantially decreases material loss and

improves system mass balance.

ACKNOWLEDGMENTS

The authors acknowledge the U.S. Department of Energy Office of

Nonproliferation and National Security, Office of Research and Development

(DOE NN-20) for support of this research.

REFERENCES

1. Svoboda, J. Principles of Magnetic Beneficiation. Magnetic Methods for the

Treatment of Minerals, 1st Ed.; Elsevier: Amsterdam, 1987; Vol. 8, 1–7.

2. Lyman, J. High-Gradient Magnetic Separation; Unit Operations for

Treatment of Hazardous Industrial Wastes; De Renzo, D.J., Ed.; Noyes

Data Corp.: Park Ridge, NJ, 1978; 590–609.

3. Arvidson, B.R.; Henderson, D. Rare Earth Magnetic Separation Equipment

and Application Developments. Miner. Eng. 1997, 10 (2), 127–137.

4. Richards, A.J.; Roath, O.S.; Smith, R.J.S.; Watson, J.H.P. The Mechanisms

of High Gradient Magnetic Separation of Human Blood and Bone Marrow.

IEEE Trans. Magn. 1996, 32 (2), 459–470.

5. Pourfarzaneh, M.; Snavely, K.; Lawlor, J. Magnetic Separations and the

Diverse Application of Magnetizable Particles. Genet. Eng. News 1995, 15

(13), 14.

6. Avens, L.R.; Hill, D.D.; Prenger, F.C.; Stewart, W.F.; Tolt, T.L.; Worl,

L.A. Process to Remove Actinides from Soil Using Magnetic Separation.

US Patent 5,538,701, 1996.

WINGO ET AL.3724

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



7. Nunez, L.; Buchholz, B.A.; Vandegrift, G.F. Waste Remediation Using In

Situ Magnetically Assisted Chemical Separation. Sep. Sci. Technol. 1995,

30 (19), 1455–1472.

8. Ritter, J.A.; Zamecnik, J.R.; Hutson, N.D.; Smith, M.E.; Carter, J.T. High

Level Radioactive Waste Vitrification Technology and Its Applicability to

Industrial Waste Sludges. Water Sci. Technol. 1992, 25 (3), 269–271.

9. Emory, B.B. Radionuclide Removal from Reactor Wastes by HGMF. IEEE

Trans. Magn. 1981, 17 (6), 3296–3298.

10. William, J.A.; Leslie, C.M. High Gradient Magnetic Separation in the

Nuclear Fuel Cycle. IEEE Trans. Magn. 1981, 17 (6), 2790–2794.

11. Hoegler, J.M. Hazardous and Industrial Solid Waste Minimization

Practices; Frick, J.H., Warner, D.J., Wiles, C.C., Duckett, E.J., Eds.;

ASTM STP 1043; American Society for Testing and Materials:

Philadelphia, 1989; 172–189.

12. Avens, L.R.; Gallegos, U.F.; McFarlan, J.T. Magnetic Separation as a

Plutonium Residue Enrichment Process. Sep. Sci. Technol. 1990, 25 (13),

1967–1979.

13. Ebner, A.D.; Ritter, J.A.; Nunez, L. High Gradient Magnetic Separation for

the Treatment of High Level Radioactive Wastes. Sep. Sci. Technol. 1999,

34 (6–7), 1333–1350.

14. Schake, A.R.; Avens, L.R.; Hill, D.D.; Padilla, D.; Prenger, F.C.; Worl,

L.A. Conference Proceedings, Conference 207, Spring National Meeting of

the American Chemical Society (ACS), San Diego, CA, Mar 13–18, 1994.

15. Worl, L.A.; Devlin, D.; Hill, D.D.; Padilla, D.; Prenger, F.C. ACS 216th

National Meeting Proceedings, Symposium on Emerging Technologies in

Hazardous Waste Management, Separation and Waste Treatment Using

Adsorbents and Magnetic Fields I, Los Alamos National Laboratory Report

#LAUR-98-4395, 1998.

16. Worl, L.A.; Devlin, D.; Hill, D.; Padilla, D.; Prenger, F.C. Particulate

Capture of Plutonium by High Gradient Magnetic Separation with

Advanced Matrices. Sep. Sci. Technol. 2001, 36 (5–6), 1335–1355.

17. Allard, B. Actinides in Perspective; Edelstein, N.M., Ed.; Proceedings of

the Actinides, 1981; Pergamon Press: New York, 1982; 553–580.

18. Kelland, D.R. Magnetic Separation of Nanoparticles. IEEE Trans. Magn.

1998, 34 (4), 2123–2125.

19. Haque, M.F.; Aidun, R.; Moyer, C.; Arajs, S. Magnetic Filtration of Sub-

micron Hematite Particles. J. Appl. Phys. 1988, 63 (8), 3239–3240.

20. Takayasu, M.; Gerber, R.; Friedlaender, F.J. Magnetic Separation of

Submicron Particles. IEEE Trans. Magn. 1983, 19 (5), 2112–2114.

21. Ebner, A.D.; Ritter, J.A.; Ploehn, H.J. Magnetic Hetero-flocculation of

Paramagnetic Colloidal Particles. J. Colloid Interface Sci. 2000, 225,

39–46.

HIGH-GRADIENT MAGNETIC SEPARATION SYSTEM 3725

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



22. Navratil, J.D. Some Recent Developments in Separation Methods for the

Treatment of Liquid Radioactive Wastes; Booklet of Abstracts, Radio-

chemical Conference, Marianske Lazne-Jachymo, Czech Republic, 19–24

April, 1988; I.M. Marci Spectroscopic Society, Lockheed Martin

Technologies Company, Idaho National Engineering Laboratory: Idaho

Falls, ID, 1988.

23. Tanner, G.; Jackson, R. Soil Sci. Soc. Am. Proc. 1947, 10, 12.

24. Klute, A., Ed. Methods of Soil Analysis, Part 1; American Society of

Agronomy, Inc./Soil Science Society of America, Inc.: Madison, WI, 1986,

Chap. 15.

Received September 2001

Revised January 2002

WINGO ET AL.3726

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


