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ABSTRACT

A new magnetic adsorbent material, called magnetic polyamine-epichlorohydrin
(MPE) resin, was prepared by attaching activated magnetite to the outer surface of
polyamine-epichlorohydrin resin beads. Experiments were carried out in the presence of
a 0.3-tesla magnetic field to investigate the removal of actinides (plutonium and
americium) from pH 12 wastewater using this new resin. The results demonstrated that
the MPE resin has a significantly enhanced capacity for actinides over conventional
ferrite-based surface complexation adsorption processes (where no field is applied) and
over traditional high-gradient magnetic separation (HGMS) processes that remove
suspended particles. This enhancement was attributed to the presence and subsequent
removal of suspended actinide nanoparticles through an HGMS effect, with the magnetite
acting as a very effective HGMS element. A theoretical analysis verified this supposition
by showing that under adequate pHs and particle-particle separations, the attractive
long-ranged magnetic force exerted by magnetite on suspended particles of plutonium
hydroxide was greater in magnitude than other forces (e.g., van der Waals, electrostatic,
viscous, and Brownian forces).

* Author for correspondence. E-mail: ritter@sun.che.sc.edu
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INTRODUCTION

EBNER ET AL.

High-gradient magnetic separation (HGMS) processes have been used extensively in

the processing of minerals (1,2), water treatment, and environmental remediation (3,4),

and more recently, in studies for the removal of microorganisms and magnetic particles

by magnetic coating (5-7) and magnetic seeding (8-12), respectively. Conventional

HGMS processes use a fine stainless steel wool to form a magnetic matrix within a flow

field of a solution containing mineral particles to be separated. Ferromagnetic or

paramagnetic particles in this solution move in the direction of an increasing magnetic

gradient and are attracted to (and stick to) this energized stainless steel mesh.

Diamagnetic materials, on the other hand, move in the direction of a decreasing magnetic

gradient and are essentially repelled from the mesh .. Also, in order for these processes to

remove soluble metal species from solution, they must utilize precipitating or flocculating

agents to first effect the formation of particles, which must become sufficiently large to

make the separation efficient and inexpensive. Although this problem cannot be

completely avoided, it may be alleviated somewhat with the use of a new magnetic resin,

called magnetic polyamine-epichlorohydrin (MPE) (13,14).

MPE resin consists of spherical beads of polyamine-epichlorohydrin that have

activated iron ferrite (magnetite) particles attached to their outer surfaces. Ferrites are a

class of mixed-valence iron oxide compounds having the crystal structure of spinel,

MgAlz04• Iron atoms in iron ferrite (FeO·Fe203), or magnetite, can be replaced by many

other metal ions (Mn, Co, Ni, Cu, Mg, Zn, etc.) without seriously altering the spinel

structure. They can also be activated using a strong base (e.g., barium hydroxide),

thereby improving the metal-ion adsorption capacity via interaction with newly formed

surface hydroxyl groups (13-14). As a result, ferrites have been shown to be excellent

adsorbents for the separation of hazardous metals (cadmium, lead, mercury, etc.) and

actinide elements (americium, plutonium, and uranium) from wastewater (15-19) at

relatively low alkaline conditions (pH> 9) and independent of a magnetic field.

Under highly alkaline conditions, most metal ions form either precipitates that

remain suspended in solution or complexes with the hydroxylated surface of any typical

oxide such as ferrites. The latter is typically referred to as metal-ion adsorption. Ferrites

are also ferrimagnetic crystalline materials that are soluble only in strong acid; thus, they
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TREATMENT OF AQUEOUS WASTES 1279

can be used in alkaline conditions as a very fine magnetic element in HGMS systems.

Thus, the MPE resin has the potential to improve the performance of HGMS systems

because of the unique ability of magnetite not only to adsorb metal ions via surface

complexation but also to magnetically attract and retain magnetic nanoparticles

(suspended precipitates) close to its surface. In fact, Ebner et al. (20) showed recently

that because of their size (typically 0.2 urn) and high saturation magnetization (about 4 to

5 times smaller than iron) magnetite particles can create magnetic forces around small

paramagnetic colloidal particles (down to 40 nm) that are several times stronger than

those created by typical stainless steel wool meshes with wire diameters on the order of

10 urn. Therefore, with the use of the MPE resin, a new magnetic field-enhanced

process has been developed, which couples HGMS principles together with surface

complexation adsorption.

This paper presents some preliminary experimental results obtained with this new

magnetic field-enhanced process using a continuous-flow breakthrough system, the MPE

resin, and a dilute actinide solution containing plutonium and americium at pH 12.

Comparisons are made with the more conventional HGMS systems and with the more

traditional nonmagnetic batch processes that utilize surface complexation (i.e., metal-ion

adsorption). A qualitative theoretical analysis for the enhanced effect of the magnetic

field on the results is also given.

EXPERIMENTAL

Resin Preparation

MPE resin beads were synthesized with activated ferrite particles attached to the

outer surface of the beads (13, 14, 21, 22). This was done in a two-step procedure. In the

first step, 1.7 mol (103 g) of aqueous ammonia solution (28 wt %) was placed into a 1-L,

three-necked flask equipped with a mechanical stirrer, a thermometer, and a dropping

funnel (125 mL). Then 1 mol (92.5 g) of epichlorohydrin was placed into the dropping

funnel and added dropwise to the stirred (SOO-rpm) aqueous ammonia solution. The

epichlorohydrin was added over a I-h period, with the rate of addition being sufficient to

maintain an exothermic reaction temperature of 90oe. At the end of the l-h period, a

clear, transparent polymer (ammonia-epichlorohydrin) was removed and cooled to
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1280 EBNERET AL.

ambient temperature (230C). In the second step, 95.0 g of this polymer, 58.0 g of

polyethyleneimine (10 wt % aqueous solution), and 9.0 g of wet, activated ferrite (in this

case, magnetite) was added to a 1-L, three-necked flask that contained 150 mL of toluene

and 4.5 g of Aerosol™ GPG surfactant. The flask was equipped with a heating mantel,

a thermometer, a mechanical stirrer, a FriedrichsTM condenser (350 mm), and a Dean &

Stark™ water trap (20 mL).

This mixture was stirred for 5 min (1700 rpm), and then an additional 5 g of

epichlorohydrin was added to the flask. The temperature was then raised to 85°C, and

the azeotropic mixture of water and toluene was stirred (1000 rpm) under total reflux.

Additional toluene (350 mL) was added as needed. The refluxing was continued for 4.5

h, and the water was removed, as necessary, from the Dean & Stark™ trap. At the end

of the heating period, the MPE resin product was cooled, filtered through Whatman No.

41 (20- to 25-Jlm) filter paper, air dried, and sieved.

MPE resin synthesized according to this procedure contained approximately 8 wt %

magnetite (i.e., 80 mg of magnetite per gram of resin). Nonmagnetic, polyamine­

epichlorohydrin resin (PE) was also synthesized following this same procedure, but

without adding magnetite. Results are reported based on both types of resins, MPE and

PE, to emphasize the unique properties and capabilities of the magnetite.

Resin Characterization

The synthesis procedure given above for the MPE resin produced highly spherical

particles that ranged in size from 0.063 to 0.125 mm in diameter. Scanning

electronmicrographs of the MPE resin are shown in Figures 1-3. The highly spherical

nature of the beads is very apparent in these photographs. Moreover, Figure 2 shows that

the surface of the beads was very rough, containing many small indentations. It was first

thought that these indentations were the entrances to a large network of internal pores;

however, the nitrogen BET surface area of the MPE resin was less than 1 m2/g, indicating

that the beads were nonporous. Figure 3 shows another scanning electronmicrograph of

the MPE resin taken at a much higher magnification. The surface roughness was

primarily due to magnetic particles attached to the outer surface of the beads, with

individual particles being about 0.1 urnin diameter and clusters ofparticles ranging from
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TREATMENT OF AQUEOt:S WASTES

FIGURE 1. Scanning electronmicrcgra ph of many MPE resin beads.

[281

I to 4 urn. These small particles of magnetite were verified using elemental dispersive

x -ray analysis, and X-ray diffraction. Figure 4 compares the XRD pattern from the MPE

resin with that from pure magnetite , which shows that the MPE synthesis procedure did

not alter the crystal structure of the magnetite when attached to the surface ofthe resin.

Column Preparation

The upper portion of a glass, chromatographic column (\ 9 mm ID x 25 em) was

packed with a small plug of glass woo! and a tu-cm plug of fine. No. 431 stainless steel
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1282 EBNER ET Al.

fiGURE 2. Scanni ng electronmicrograph of a sing le MPE resin bead.

wool and p laced [with the bottom portion o f the stainless steel wool) between the pole

faces of an electromagnet. "The bonom and lop of the column wen- fined WIth a stor­

cock and rubber stopper with an exit tube, respectively. Tygcn tubing was attac hed to

both ends o f the colum n. Tbeexperimental setup is shown in Figure S.

Next, the magnetic (MPE) resin was activated (16) by stirring the resin with a

solution o f barium hydroxide (2.6 mmol per gram of magnetite} for 10 min at ambient

temperature. Tbe excess barium hydro xide solution was then decan ted, and sodium
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TREATMENT OF AQUEOUS WASTES 1283

FIGURE 3. Scanning electronm icrcgraph of me surface of an MPE resin bead.

hydro:\ide solution (pH 12.0) was added 10 the wet resin. 'Theresul ting slurry was tJrn

pumped [upflow at 10 mUmm via a peristaltic pump) into the glass column with the

electroma gnet energized and generating a field strength of approximately 0.5 T (ur 5000

gauss). The MPE resin was retained in the column by the steel and glass wool plugs.

Thecolumn wasnow ready for usc.

For a typical expernrent wi th simulated wastewa ter (deionized water spiked with

americium and plulonium ions, pH adJusled 10 12 with a sodium hydroxide solution, and
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1284 EBNER ET AL.

MPE Resin

20.00 30.03

Magnetite

83.30 90.00

FIGURE 4. Comparison between X-ray diffraction patterns of MPE resin and pure
magnetite.

prepared fresh before each experiment), the magnet was energized, which created a

magnetic field strength of approximately 0.3 T. The solution containing the actinide

species was then pumped through the column (upflow at a specified flow rate, see

below), and effluent fractions were collected and monitored radiometrically by alpha

(plutonium) and gamma (americium) counting. The results were plotted as a function of

time (plotted in this work as the volume of effluent that was passed through the column)

until the actinide species began to break through the column. At this point, the

experiment was completed.

THEORETICAL

A magnetic heteroflocculation model was developed that considers different colloidal

forces that exist between a free-moving plutonium particle of radius R, and a stationary

magnetite particle of radius R; The net force between these two particles was comprised

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



TREATMENT Of AQVEOUS WASTES

Glass Column

Magnetic
ResIn

1285

Decontaminated
Solution

r--0or laminated
Solution

FIGURE 5. Fixed-bed IIGMS apparatus used in the MPE lUll.! PE breakthrough
experiments.

of van der Waals, electrostatic, magnetic, and Brownian forces. This net force was also

compared with the viscous force in the Stokes flow regime, which is the regime where

the breakthrough experrments were carried out. Additional details of the model and its

complete development an: given elsewhere (23). The physjcal properties used in this

model are given in Table I .

Viscous Fora '

TIle modulus of the viscous VI Wllg Iooce, F... over a free-moving particle of

plutonium was estima lcd using Stokes' IIlW, which is given by

F~ = 6trpRp v , ( 1)
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1286

TABLE 1. PHYSICAL PROPERTIES USED IN THE
MAGNETIC HETEROFLOCCULATION MODEL

EBNER ET AL.

PU(OH)4volumetric susceptibility, Xp

Magnetite saturated magnetization, Ms,m

Medium (water and matrix)" susceptibility, Xm

Permeability of free space, J.lo

Superficial velocity, Vs

Bed porosity, E

Liquid viscosity, J.l

Hamaker's constant, A

Relative permittivity of the medium, E

Perrnittivity of free space, Eo

8.0 x 10-4

4.8 x 10-5 A m"

-1.3 x 10~6

4n x 10-7 H m"

3.5 em min- t

0.4

0.001 kg m" S-1

5.0 x 10-20 J

78.0

8.85 X "10-12 F m'

a The MPE resin was assumed to have the same susceptibility as water.

where J.l is the dynamic viscosity and v is the free stream interstitial velocity or Vs/E,

where Vs is the superficial velocity and E is the bed porosity. It must be emphasized that

the convective forces calculated from Equation (1) were probably overestimated because

they were based on the interstitial velocity of the free stream. Boundary layers and

stagnant regions definitely existed around the MPE particles; thus, when the plutonium

particle was moving very close to the surface of an MPE bead, the velocity of the fluid

and, therefore, the actual Fd were expected to be much less.

van der Waals Forces

The van der Waals force exerted by a magnetite particle on a plutonium particle

when they are separated by a distance h (surface to surface) was derived from Hamaker's

formula (24), which is given by

where

F =w (2)
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TREATMENT OF AQUEOUS WASTES

RsA,=-,
Rp

and A is Hamaker's constant.

Electrostatic Forces

1287

(3)

(4)

Hogg et al. (25) used the Derj aguin method to obtain an approximate electrostatic

interaction energy and force between two dissimilar spheres when their sizes were large

in comparison to the thiclmess of the double layer and the separation between the

spheres. When constant surface charge is assumed as a boundary condition for the

diffuse layer, the electrostatic force, FeJ exerted by a magnetite particle on a plutonium

particle is expressed as

<h«

Fe = 4Jr&,&01((]ps ~((lf/: + If/~ )e- hK + 2lf/slf/p)er,
l-e

where

RRG = p s

ps 2(R p + Rs) ,

K = ( 2Ie
2

) 05 ,

Br&okT

(5)

(6)

(7)

\tis and \jlp are the infinite separation potentials for each of the particles, which were

obtained from the Poisson-Boltzmann equation for single spheres and the constant charge

condition, I is the ionic strength of the solution, and s, and Eo are the relative permittivity

of the medium and the permittivity of free space, respectively.

Magnetic Forces

According to Ebner et al. (20), the magnetic force, Fms exerted by a static magnetite

sphere on a plutonium particle with susceptibility XP and volume Vp is given by

(8)
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1288 EBNERET AL.

where Xm is the susceptibility of the medium, which was considered negligible. The local

magnetic field, H, with components in spherical coordinates is given by

n, =(tt, + :~ «.;)cos e, (9)

He = (-Ha + :~ u.;]sine, (0)

where Ms,m is the saturation magnetization of the magnetite particles and Ha is the

magnitude of the applied magnetic field. In this work, the magnetic forces were

evaluated in the direction of the external magnetic field (i.e., at 8 = 0).

Brownian Forces

The aforementioned forces were only important if their magnitude was substantially

greater than the effective Brownian force associated with random thermal motion. The

Peclet number (Pe) represents the ratio of the magnitude of any force to the Brownian

force and is given by (20)

R IF·IPe. == ±-P_l (11)
l kT'

where k is the Boltzmann constant and T is the absolute temperature. By definition, Pe

was taken as negative when the force was attractive and positive when the force was

repulsive. The subscript i represents the nature of the force under consideration, which

dominates when [Pe.] » 1; otherwise, random thermal motion overwhelms any tendency

toward particle retention. Consequently, Pe was viewed as the degree of attraction of the

species under study; thus, when Pe, < -10, the force i was considered to be strong enough

to attract and retain particles, whereas when Pei > 10 the force i was considered to be

strong enough to repel particles.

RESULTS AND DISCUSSION

Breakthrough Experiments with MPE and PE Resin

Twenty grams of MPE resin (particle size range of 0.063 to 0.125 mm) were

evaluated for actinide (plutonium and americium) removal from water at a pH of 12.0
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tREATMENT OF AQUEOUS WASTES 1289

(column mode). The breakthrough curves are shown in Figures 6 and 7 for plutonium

and americium, respectively. A total of 341 L of actinide solution (1.28 x 10-4 giL 239p U

and 3.57 x 10-7 giL 241Am) was processed through the MPE resin bed (upflow) at

3.5 ml. min" cm-2 (0.87 gpm/ft') with the magnetic field turned on and set at 0.3 T. The

column effluent was then filtered through Whatman No. 41 (20- to 25-Jlm) filter paper to

ensure complete removal of the MPE resin particles.

The results showed that the plutonium and americium concentration in 325 L of

actinide solution were decreased to 2.77 x 10-8 giL and 7.17 x 10-10 giL, respectively,

before the plutonium activity in the effluent started to increase. This translates to 4.16 x

10-2 g of plutonium and 1.16 x 10-4 g of americium removed from 325 L of water.

Therefore, 8550 L of contaminated water can be treated with 1 L ofMPE resin.

For comparative purposes, the polyamine-epichlorohydrin (PE) resin (without

magnetite) was also evaluated for actinide removal from water at a pH of 12.0 (column

mode). Breakthrough curves for both the PE and the MPE resins are shown in Figure 8.

Note that the PE and MPE columns were prepared and operated in a similar fashion. A

total of three liters of actinide solution (9.42 x 10-5 giL 239pU and 1.10 x 10-7 giL 241Am)

was pumped (upflow) through 20 g of the PE resin (particle size range of 0.063 to

0.125 mm) at 3.5 mL min" ern" (0.87 gpm/ft") with the magnetic field turned on and set

at 03 T. The column effluent was then filtered through Whatman No. 41 (20- to 25-Jlm)

filter paper to ensure complete removal of the PE resin particles.

The results showed that the plutonium and americium concentration in 2.75 L of
-8 -10

actinide solution were decreased to 5.16 x 10 g/L and 5.27 x 10 giL, respectively,

before the activity in the column effluent started to increase. Although the minimum

concentrations observed for plutonium and americium were comparable to those for the

MPEresin, breakthrough occurred two orders of magnitude sooner. This is equivalent to

treating only 72 L of contaminated water with 1 L of PE resin, a significantly reduced

capacity as compared with the MPE resin. Such results showed that the nonmagnetic PE

resin and, more importantly, the stainless steel wool contributed very little to the

significant loading capacity exhibited by the MPE resin. Clearly, the magnetite was

responsible for the observed trends, which showed a marked improvement with the new

magnetic field---enhanced process over the traditional HGMS process.
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1290 EBNERET Al.

10-6

::::i' 10-7
$

10-8 •

•
• •

300200100
10-~------_...L.-_--------"--------""'----

Effluent (L)

FIGURE 6. Breakthrough curve for plutonium using 20 g of MPE resin, 0.3-T magnetic
field, pH 12 simulated wastewater containing 1.28 x 10-4 giL 239pU and 3.57 x 10-7 giL
241Am, and fed upflow at 3.5 mL min" em",

Effect of the Magnetic Field

The marked improvement in the new magnetic field-enhanced process was

attributed mainly to the effect of large magnetic forces in the proximity of the magnetite

particles and, to a lesser extent, the surface complexation chemistry of magnetite. To

compare the relative importance of these two mechanisms, the electromagnet was

energized for a short period of time and deenergized for a short period of time, while

passing a few liters of actinide solution through the column. The conditions for this

experiment were the same as those used previously with the MPE resin. Samples of the

column effluent were also filtered through Whatman No 41 (20- to 25-l-lm) filter paper

and analyzed to ensure complete removal of the resin particles. The effluent profile from

this experiment is shown in Figure 9.
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TREATMENT OF AQUEOUS WASTES 1291

10-8

;f
.9
E
::s:g
(1)

E
~

10-9

•

100

•
200

Effluent (L)

300

•

FIGURE 7. Breakthrough curve for americium using 20 g ofMPE resin, OJ-T magnetic
field, pH 12 simulated wastewater containing 1.28 x 10-4 giL 239pU and 3.57 x 10-7 giL
241Am, and fed upflow at 3.5 mL min" em".

Clearly, the external magnetic field had a profound effect on the throughput of the

MPE resin. While the magnet was energized, the plutonium concentration in the effluent

decreased rapidly by two and one-half orders of magnitude during the time that 3.5 L of

solution was passed through the column. When the magnetic field was turned off, the

plutonium concentration began to increase rapidly during the time which 1.5 L of

solution was passed through the column, generating a nearly symmetric profile about the

time the field was turned off. This result not only demonstrated the reversibility of the

MPE resin, but more importantly, it revealed the principal phenomenon that was taking

place. Under the alkaline conditions of these experiments, plutonium and americium

were present mainly as colloidal nanoparticle suspensions (26); and as a result of their

paramagnetic properties, they were strongly attracted to and retained by the magnetite

particles. This supposition is demonstrated qualitatively with results from the magnetic

heteroflocculation model that are shown in Figures 10 and 11.
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10-6

EBNER ET AL.

~ •
.E!
E
:::s
C 10-7
a • •'5 MPE Resin
CL • •• • • •

10-8

2 4 6 8 10 12 14

Effluent (L)

FIGURE 8. Breakthrough curves of the PE and MPE resins using 20 g of PE resin and
20 g of MPE resin, O.3-T magnetic field, pH 12 simulated wastewater containing
1.28 x 10-4g/L

239pU and 3.57 x 10-7 giL 241Am , and fed upflow at 3.5 mL min:' em".

Figure 10 shows the effects of the charge density and the applied magnetic field on

the net dimensionless force (resultant Pe of the magnetic, electrostatic, and van der Waals

forces) as a function of the distance between the surfaces of a magnetite particle (R, =

400 nm) and a plutonium particle with (a) R, = 160 nm and (b) R, = 300 at an electrolyte

concentration of O.OlM (or pH = 12, if the electrolyte is purely alkaline). Due to the

difficulty of experimentally determining the values of the charge densities of diffuse

layers in colloidal systems, the range of the values used here was based on estimations

obtained from a triple-layer complexation model (27-31). It suffices to state that

a = 0.01 C/m2 was considered to be relatively high for diffuse layers, since colloidal

systems form fixed Stem and Helmholtz layers that prevent diffuse layers from becoming

densely charged. Nevertheless, it is clear that the effect of the charge density on the net
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FIGURE 9. Effluent profile for plutonium during an ON/OFF magnetic field experiment
at the same conditions as those given in Figure 6 or 7.

force was dramatic. When the two particles were very close (i.e., surface-to-surface

distances of less than 5 nm) the electrostatic force became very important, resulting in a

very repulsive force. Also, the effect of the applied magnetic field became much more

important with larger plutonium particles. For the 160-nm plutonium particle, the effect

of the change in the magnetic field was almost negligible. For the 300-nm plutonium

particle, however, the effect became significant, although it was still not strong enough to

overcome the repulsive electrostatic force.

Figure 11 shows the net dimensionless force (Pe) for larger separations between the

same particles and for electrolyte concentrations of 0.01 M (or pH =12) and 0.001 M (or

pH = 11), respectively. The viscous or drag forces (Fd) are also reported in these figures.
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FIGURE 10. Net dimensionless force (Pe) between magnetite (R, = 400 nm) and a
plutonium particle with a) R, = 160 nm and b) R, = 300 nm at short distances with I =

0.01 M for different surface charge densities (a).
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FIGURE 11. Net dimensionless force (Pe) between magnetite (R, = 400 nm) and
plutonium particles of two different sizes, under different magnetic field conditions, with
(J = 0.01 C/m2

, and (a) 1= 0.01 M and (b) 1= 0.001 M.
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In both cases, the magnetic forces were longer ranged and became more important than

the electrostatic forces for separations larger than about 20 nm for the 0.01 M case and

90 nm for the 0.001 M case. The range over which the electrostatic force became

nonexistent was also independent of the charge density and it depended more importantly

on the electrolyte concentration. Even at applied magnetic fields as low as 0.3 T, the

strength of the magnetic force was still very long ranged, attracting plutonium particles

from relatively large distances. Furthermore, in the breakthrough experiments, the

.interstitial velocity was so low that large boundary layers were expected. Therefore, the

actual drag force was expected to be markedly smaller than the values shown in the

figures. In conclusion, even when the electrostatic forces were very strong and impeded

the particles of intermediate paramagnetic properties (plutonium and americium) from

touching the surface of the magnetite particles, magnetic forces were longer ranged and

strong enough to hold plutonium or americium particles in stable positions in the

proximity of the magnetite particle without being affected by the viscous force. This

stabilization of magnetite particles in an externally applied magnetic field was likened to

a similar phenomenon associated with magnetically stabilized fluidized beds (32).

Comparison with Nonmagnetic Batch Processes

Traditionally, ferrites have been used effectively for actinide removal, but usually in

a batch mode in the absence of a magnetic field. For example, Slater et al. (33) recently

investigated the use of magnetite in an ex situ, batch, nonmagnetic process at pH 12 for

the removal of plutonium from wastewater. This process was referred to as ex situ

because magnetite was added to the water to effect separation. Figure 12 gives a

comparison between the batch results of Slater et al. (33) and the breakthrough results

from this work (see Figure 6) in terms of the magnetite loading as a function of the

solution concentration.

It must be emphasized that the comparison between these batch and flow processes

was generally very difficult for the following reasons. First, the batch results could not

simply be scaled to the MPE column results because of the limited data that were

available: No batch data were available in the region of the flow results. Second, the

concentrations of plutonium in solution corresponded to the final concentrations for the

batch process, whereas for the continuous flow process, they corresponded to the feed
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(Slater et el., 1997)
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FIGURE 12. Comparison between loading results from the MPE resin using a O.3-T
magnetic field (results from Figure 6) and some nonmagnetic ex situ batch experiments
with no magnetic field (33).

concentration. Nevertheless, it was intriguing that the MPE resin exhibited significantly

higher loadings (a factor of 5 or so) as compared with the ex situ results of Slater et al

(33). In fact, the MPE resin exhibited a loading that was beyond the monolayer metal-ion

adsorption capacity of magnetite, which is around 15 mg/g, based on the surface site

density of magnetite being 5 sites/nm' (34) and considering a surface area of7 m2/g. But

most importantly, metal-ion adsorption via surface complexation did not appear to be the

main removal mechanism with the MPE resin, which showed immediate and marked

release ofplutonium when the magnetic field was turned off (see Figure 8), indicating an

HGMS effect.

CONCLUSIONS

The use of a new magnetic adsorbent material in a fixed-bed mode surrounded by an

electromagnet was shown to be very efficient for the removal of plutonium and
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1298 EBNERET AL.

americium from wastewater. This material, called magnetic polyamine-epichlorohydrin

(MPE) resin, is spherical and nonporous and has activated ferrite particles attached to the

outer surface. In this form, the magnetite freely retained the actinide species of interest,

while the interstices between the beads promoted good flow-through properties in a

fixed-bed mode.

The MPE resin was used to demonstrate a new separation process concept that

couples the principles of HGMS with surface complexation (metal-ion adsorption).

Experimental results carried out with plutonium and americium in pH 12 wastewater and

in the presence of an externally applied magnetic field of 0.3 T showed a dramatic

increase in the magnetite capacity as compared with results in the literature that did not

utilize an external magnetic field.

A theoretical analysis of the experimental results qualitatively substantiated the

experimental findings in terms of a magnetic heteroflocculation model that accounted for

magnetic, van der Waals, electrostatic, viscous, and Brownian forces. Since both species

are known to form colloidal nanoparticles at pH 12, this model showed that the principal

mechanism for removal of the paramagnetic species, plutonium and americium, from

wastewater was associated with the high magnetic field gradients created by the

magnetite particles. The magnetic force dominated the process, even with the relatively

low magnetic field strength (0.3 T) that was used, and for the small and only weakly

paramagnetic particles of plutonium and americium that were present.
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