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BENEFICIATION OF Pu RESIDUES BY ULTRAFINE GRINDING
AND AQUEOUS BIPHASIC EXTRACTION*

D. J. Chaiko, R. Mensah-Biney, C. J. Mertz
Chemical Technology Division
Argonne National Laboratory

Argonne, IL 680439

and

A. Rollins
Chemistry Department
Northern Illinois University
DeKalb, IL 60115

ABSTRACT

Aqueous biphase systems are heterogeneous liquid/liquid
systems that result from appropriate combinations of inorganic salts
and water-soluble polymers such as polyethylene glycol. Colloid-size
particles that are suspended in an aqueous biphase system will partition
to one of the phases, depending on a complex balancing of particle
interactions with the surrounding solvent. With regard to waste
treatment applications, aqueous biphase systems are similar to
conventional solvent extraction but do not utilize an organic diluent,
which may itself become a source of pollution. In addition, the water-
soluble polymers that have been used in biphase formation are
inexpensive, nontoxic, and biodegradable. The application of aqueous
biphasic extraction to the beneficiation of plutonium residues will be
discussed.

INTRODUCTION

Current beneficiation strategies for plutonium residues include the in-

cineration of combustibles, such as wood, paper, plastics, and oils; particle-size

*Work supported by the U. S. Department of Energy, Office of Basic
Energy Sciences, under Contract No. W-31-109-ENG-38
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reduction where necessary; and washing, leaching, or dissolution with acid. The
pregnant solutions are then further processed to yield either PuOg or PuFy4.
Metal oxides (both reactive and high-fired) and impure plutonium metal are
processed by either direct oxide reduction, molten salt extraction, or electrore-
fining (1).

Both hydrometallurgical and pyrometallurgical processing of plutonium
residues have historically been carried out with little or no physical beneficia-
tion prior to chemical processing. Notable exceptions include the recent at-
tempts at using magnetic separation techniques to produce a uranium concen-
trate from magnesium fluoride (2,3) and plutonium concentrates from various
pyrochemical residues (4).

Many of the plutonium residues are heterogeneous materials, with the
plutonium being distributed as discrete grains within a larger particle matrix.
Some examples include pyrochemical residues, such as sand, slag, and crucibles;
graphite; and chloride salts. Ultrafine grinding to an average particle size of
about one micron should effectively liberate the plutonium from the particle
matrix. Selective partitioning in an aqueous biphasic extraction process could
then produce a plutonium concenirate.

In this paper, we discuss the scientific and engineering principles of this

extraction technology and its application to nuclear waste treatment.

BACKGROUND

Aqueous Biphase Formation

Aqueous biphase systems were originally developed by Albertsson in the
mid-1950s for the separation of microbial cells, cell organelles, and viruses (5).
In recent years, interest in aqueous biphasic systems has broadened to applica-
tions in commercial scale protein separations (6,7), separation of metal ions (8),
ultrafine particles {9), and organics (10,11}. Aqueous biphasic extraction in-
volves the selective partitioning of either solutes or colloid-size particles be-
tween two immiscible aqueous phases. These aqueous/aqueous systems form
spontaneously from mixtures of aqueous solutions of unlike polymers, typi-
cally a straight-chain polymer such as polyethylene glycol (PEG) and a highly

branched polymer such as dextran. Aqueous/aqueous systems may also be gen-
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erated from mixtures of organic polymers and inorganic salt solutions. For
example, combining equal volumes of a 15-wt% solution of sodium sulfate and a
30-wt% solution of PEG-3400 produces a turbid mixture that will separate after
a few minutes, with the sodium sulfate concentrated in the bottom layer and the
PEG concentrated in the top layer.

Aqueous biphase systems behave similarly to conventional solvent ex-
traction systems but are particularly attractive for waste treatment applica-
tions because they do not utilize an organic diluent, which may itself become a
source of pollution. In addition, the water-soluble polymers that have been used
in biphase formation are inexpensive, nontoxic, and biodegradable. They can
also be removed from the process effluents for recycle by ultrafiltration (12} or
electrodialysis (13). Alternatively, suspended solids can be removed by high-
speed centrifugation (5), allowing the aqueous phases to be recycled.

For large-scale applications, the polymer/salt biphase systems are gen-
erally more commercially attractive than polymer/polymer systems because of
their lower cost and higher phase-separation rates. Using commodity prices of
PEG-3350 and NapSQy, the estimated cost per kilogram for a 15% PEG/7.5%
NagSO04 system is about $0.47. By contrast, the cost per kilogram of the two-
polymer system 4% PEG 8000/7% Dextran 500 is about $7. There are, however,
some low-cost substitutes for the fractionated dextrans. The system proposed by
Szlag et al. would cost only $0.20/kg and uses maltodextrans at $0.59/kg in
place of the more expensive size-fractionated dextrans costing $500/kg (14). To
put these solvent costs in perspective, they can be compared with those for more
conventional oil/water systems that have been proposed for the extraction and
purification of transuranic elements such as the PUREX and TRUEX solvents.
The PUREX solvent contains 30% tributyl phosphate (TBP), and the TRUEX sol-
vent has 1.4M TBP and 0.2M octyl{phenyl}-N-N-diisobutylcarbamoylmethyl-
phosphine oxide (CMPO). These solvents have estimated costs of $0.36 and $240
per kg, respectively.

EXPERIMENTAL

Materials

Technical grade sodium silicate {37%) was purchased from Fisher
Scientific. Colloidal suspensions of SiO2 and CeOg (average particle size, 20nm)
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were purchased from Fisher Scientific and Johnson Matthey, respectively. All
other chemicals were reagent grade or better. PEG-3400 and graphite {1- to 2 um
particle size) were purchased from Aldrich. Powdered TiO2 (99+% rutile, 1.7 pm
average particle size) was purchased from Johnson Matthey. The polymeric
Pu(IV) was supplied by H. Diamond, Chemistry Division (ANL). The details of its

preparation are given elsewhere (15).

Methods

Powdered metal oxides such as AlzO3, Feo0O3, and SiOg were ground wet
in 0.1- to 0.5¢ batches to an average particle size of about 0.5- to 2 um using a
McCrone Micronising mill with grinding times of 2 to 5h. Sodium hexam-
etaphosphate was used as a dispersant and grinding aid at a concentration of
0.1-wt%. Submicron particle-size distributions were measured by dynamic
laser light scattering using a Malvern 4700c photon correlation spectrometer
fitted with a 35mW HeNe laser. Samples for light scattering analysis were di-
luted to a solids concentration of 104 wt%. At this dilution, a slight cloudiness
was just barely visible to the eye.

Estimates for partition coefficients of individual metal oxides in
aqueous biphasic extractions were were derived from the fact that in each case
the upper PEG containing phase was crystal clear with no trace of cloudiness. At
the same time the lower, sulfate phase contained 2-wt% metal oxide solids. The
fact that the upper PEG phase was clear suggests that the solids concentration in
that phase was less than 10"4 wt%. This is based on the observation that light
scattering samples of the ground metal oxides at a solids concentration of 1074
wit% were slightly cloudy. In a similar manner, the partitioning of ground SiOg
at a total solids concentration of 2-wt% produced a bottom, sulfate phase with
no trace of cloudiness. The partition coefficients of colloidal PuOg, on the other
hand, were determined by measuring alpha activity in the aqueous PEG and
sodium sulfate phases using liquid scintillation counting. The use of
radiotracers permits routine measurement of partition coefficients 2103 or
<1073,



12: 29 25 January 2011

Downl oaded At:

BENEFICIATION OF Pu RESIDUES 769
RESULTS AND DISCUSSION

Hydrodynamic Performance

Preliminary data reported below suggest that aqueous biphase extrac-
tions can be carried out using conventional contacting equipment such as
mixer/settlers, pulsed columns, and centrifugal contactors. Others have re-
ported satisfactory performance of mixer/settlers (16), Schiebel columns
(17,18), and spray columns ({19) for carrying out aqueous biphasic extractions.

The dispersion number (Npj) is an indicator of the rate of phase separa-
tion from an agitated liquid/liquid system. This parameter has been used for
centrifugal contactor design and as a guide in estimating hydraulic performance

of contactor equipment in general (20, 21). It is a dimensionless number defined

Np, = [tim]w/“z/g m

where tpj is the time required for phase separation under the earth's gravita-

as follows:

tional field, AZ is the total height of the two-phase liquid column in ¢m, and g is
the gravitational constant in em sec'2. The test is conveniently carried out us-
ing a stoppered, 100-mL graduated cylinder which gives the proper ratio of col-
umn height to column diameter necessary to ensure reproducible measure-
ments. After thoroughly mixing the phases, the time required for a distinct,
liquid/liquid interface of constant vertical position to appear in the column is
recorded. The results of Np; measurements for several aqueous biphase systems
at 22° and 80°C are reported in Table 1.

The Npj values in Table 1 compare favorably with typical values of
oil/water solvent extraction systems. For example, the Npj values of PUREX
and TRUEX solvents in contact with dilute nitric acid solutions are typically in
the range of 1-15 x 104, with separation times of 1.5 - 22.4 min (22). Based on
their dispersion numbers, the aqueous biphase systems in Table 1 would be
compatible with centrifugal contactors and pulsed columns. It should also be

pointed out that the dispersion numbers were not appreciably affected by the
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TABLE 1. DISPERSION NUMBERS OF SOME AQUEQUS BIPHASE SYSTEMS

System Temp., Separation Npj (x10%)
Composition °C Time, min
14.5% PEG-10000 22 3.2 6.9

6.5% NagSO4

15% PEG-3400 22 8.5 2.6
7.5% NagSO4

15% PEG-3400 80 1.0 22.4
7.5% NapSO4

9% PVA-400002 80 2.2 10.1
7.5% NagSO4

apPVA refers to polyvinylpyrrolidone.

presence of ultrafine solids like hematite or silica at an average particle size of
0.5um and a solids concentration of 2-wt%. Additionally, the Argonne
centrifugal contactors have been designed and demonstrated to operate with feed

solutions containing finely divided solids (23).

Particl har: rization

Many of the plutonium residues are heterogeneous and, therefore, would
be amenable to physical beneficiation techniques. An example of the
segregation of plutonium within a larger non-actinide matrix is shown in Fig. 1.
The plutonium appears as bright, discrete grains about 1 pm in diameter
imbedded in a matrix of copper and aluminum oxides. The particle shown in
Fig. 1 is from a LECO crucible. These ceramic crucibles are used in the analytical
determination of carbon in plutonium samples. After use, the crucibles retain
small amounts of refractory PuQO2 imbedded in the ceramic along with a catalyst
that may be either Cu, Fe, or Sn. In a large majority of the particles obtained
from crushed crucibles, only silica can be detected. In others, only Si and Al,

together with traces of Ca and Cr, are present. Interestingly, plutonium was
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FIGURE 1. Backscattering electron micrograph of a Pu-containing particle
from a crushed LECO crucible. The brighest spots contain Pu, the
gray matrix contains Cu, and the dark spots contain Al.

observed only in particles that also contained significant amounts of Cu and Al,
as shown in Fig. 1.

This liberation of the plutonium from the ceramic matrix suggests that
preferential breakage of the ceramic had occurred during grinding. High-fired
PuQg is known to be extremely abrasive, with a Moh's hardness greater than 9
(24). The PuOg can therefore be expected to be much more resistant to fracture
than the surrounding ceramic matrix. The extreme hardness of high-fired PuOg
should not present a problem during grinding since the plutonium in this and
other residues is present as one-micron grains. It is not expected that the PuQOg

grains would require any further size reduction.
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ili Metal Oxi ration

The ability to quantitatively separate silica from a wide range of metal
oxides is a particularly attractive feature of aqueous biphasic extraction. For
example, in preliminary separations that we carried out using nonradioactive
materials, an estimated separation factor of >6x103 was obtained for 2-wt%
mixtures of nanometer sized SiQ9 and CeO2 in a biphase system consisting of
15% PEG-3400/7.5% NasS04 at a pH of 3. When separating 0.5um amorphous
S10y particles from 0.5um hematite (Fe203). the upper PEG phase containing the
silica was white without any trace of red color. The amount of each solid added
corresponded to 2-wi%. In separate experiments, the addition of 0.5um sized
hematite particles to 1-2wt% silica suspensions imparted a visually detectable
red coloration even at hematite concentrations as low as 1 to 10 ppm. Based on
the lack of color in the upper PEG layer, we estimate the partition coefficient of
hematite in SiOg/FegO3 mixtures to be in the range of 104 or less.

Attempts to determine the concentrations of suspended solids by
digesting the solids in either HF or HNOg3 followed by analysis of dissolved Si
and metal ions by inductively coupled plasma-atomic emission spectrometry
(ICP-AES) were unsuccessful due to the extreme range of the partition
coefficients. Even with 1-2 wt% metal oxide loading in the sulfate phase, the
metal oxide concentration in the upper PEG phase was to close to the detection
limit for accurate estimation of the partition coefficients.

The partitioning behavior just described is based on surface chemical
properties and not on bulk phase properties like density. Consequently, those
factors that influence surface characteristics can, in principle, be used to
selectively control partitioning behavior. Many of the same chemical reagents
used in mineral flotation to promote or suppress particle attachment at the
air/water interface can be used in aqueous biphasic systems for promoting
separations between metal oxides, phosphates, carbonates, silicates, sulfides,
etc. (9). Some examples of surface-modified phase transfer are listed in Table 2.

In the PEG/sodium sulfate system, the metal oxides listed in Table 2 re-
ported quantitatively to the sulfate-containing phase, regardless of pH. The
affinity of the metal oxides for the sulfate phase is understandable given the fact
that sulfate is known to be surface-active towards a number of metal oxides in-
cluding TiO9 and Al203 (25). In general, the ionic interaction of electrolyte jons
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TABLE 2. SURFACE-MODIFIED PHASE TRANSFER IN AQUEOUS BIPHASIC

EXTRACTION?
Solid Reagent Partition
Coefficient

TiOq, FegO3, AlpO3 None <0.0001
TiOg, FeaO3, AlpO3 0.1% Sodijum Silicate, pH 3 >200
Feo03, TiOg 0.01% Oleic Acid >200
CaCO3 None <0.005
CaCOs3 0.01% Oleic Acid >200

aBiphase System: 15% PEG-3400/7.5% NagSO4 at a pH of 6.

at a metal oxide surface would be expected to inhibit the adsorption of PEG,
which occurs through a much weaker hydrogen bond. In addition, PEG must
compete with the water of hydration for surface adsorption sites. Measurements
of the heat of immersion (AHjy can give an indication of the energy of interaction
between solid surfaces and the surrounding water molecules. A large exother-
mic heat of immersion indicates very strong adsorption of water. The
partitioning of SiO5 and the metal oxides between the sodium sulfate and PEG
phases can be qualitatively related to the heat of immersion. Solids having low
values of AHj, such as graphite and silica, partition into the PEG layer, while
those solids with large AHj values, such as the metal oxides, partition into the
sulfate phase. Some values of the heat of immersion are listed in Table 3.

To obtain a separation between metal oxides, selective adsorption of wa-
ter soluble surfactants onto the desired metal oxide surfaces can be used to ren-
der the solids sufficiently hydrophobic to cause them to partition into the PEG
phase (9). However, we have found that surfactants which adsorb through physi-
cal interactions, such as electrostatic attraction and hydrophobic bonding, tend

to be ineffective phase transfer agents.
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TABLE 3. HEATS OF IMMERSION FOR SEVERAL SOLIDS IN WATER?2

Solid -AH{
(ergs/cm?)
Graphite 26
Amorphous Silica 165 - 220
Quariz 260 - 370
FegOg (hematite) 530
TiOg (rutile) 550
AlpO3 650 - 900

aData Obtained From Ref 26.

For example, the adsorption of sodium dodecyl sulfate (NaSDS) and
sodium dodecyl benzene sulfonate (NaDBS) onto TiOg, AloO3. and FegOg at a pH
below the Point-of-Zero-Charge (PZC) of each solid is known to take place
through electrostatic attraction between the anionic surfactant and the posi-
tively-charged metal oxide surface {27). In the aqueous biphase system, parti-
tion coefficients <0.005 were obtained with each of the metal oxides listed in
Table 2, even in the presence of NaSDS and NaDBS. Varying the NaDBS concen-
tration from 1076 to 101 wt% had no effect on the partitioning of 0.25% TiOg
suspensions. In the high ionic strength environment of the PEG/sodium sulfate
system, the electrolyte ions, by virtue of their high concentration, are able to ex-
clude ionic surfactants from surface adsorption sites on metal oxide surfaces.
Thus, there is insufficient coverage of these sites for phase transfer to occur.

In contrast to the poor performance of physically adsorbed collectors, we
have found that surfactants which chemisorb through covalent bonding can be
quite effective at promoting solids partitioning from aqueous sulfate solutions
into PEG phases. As shown in Table 2, oleic acid promotes the transfer of FeoOg
and TiOg into the PEG-rich phase. The chemisorption of oleic acid onto
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hematite and rutile has been demonstrated by infrared spectroscopy. which
shows surface hydroxyl displacement by oleate (25).

As indicated in Table 2, calcite (CaCOg) also partitions into the PEG layer
when 0.01% oleic acid is added to the aqueous biphase system. This is another
example of phase transfer brought about by chemisorption of the collector at the
mineral surface.

Activation of insoluble oxides can be brought about by the adsorption of
monosilicic acid and polysilicic acids. The addition of 0.1-wt% sodium silicate
to a particle suspension at a pH 9-10 was used to deposit a silica coating on the
metal oxide surfaces. At a pH range of about 8 to 10, mono- and polysilicic acids
are rapidly adsorbed onto insoluble metal oxides via a base catalyzed reaction
(28) as follows:

OH
Me-OH + Si(OH)4 —» Me-O-Si(OH)z + H0 (2)

When the aqueous biphase system is adjusted to a pH of about 10 or
greater, the metal oxides continue to report to the bottom phase, just as they do
in the absence of sodium silicate. But when the pH is reduced to between 8.5 to 3,
the metal oxides transfer quantitatively to the top PEG phase. This pH depen-
dence parallels the ionization behavior of silicic acid which has a pK at 9.8

When PEG adsorbs onto a silica surface, the oxygens are oriented toward
the SiOH surface and the hydrocarbon groups are oriented outward, away from
the silica surface, as shown in Fig. 2. The hydrophobic surface regions generated
by this preferred spatial orientation thus promote the partitioning of silica into
the PEG layer. In going from pH 2 to 4, there is only a slight increase in surface
charge, but at a pH 25 the surface charge becomes increasingly negative much
more rapidly (28). As the pH is raised, counter-cation adsorption at the silica
surface increases in proportion to surface charge. Because of the relatively large
size of hydrated cations such as Na(HgO)E. surface ionization also prevents
polymer adsorption to neutral silanol groups that are in the immediate vicinity
of SiO- surface sites (28).

Plutonium Partitioning

Graphite and silica are the major constituents of certain foundry

residues and incinerator ash, respectively. Separations of PuOg/graphite and
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C,H CoH C,H
\O/ 2 4\0/ 2 4\0/ 2 4\0/
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—Si Si Si Si—

FIGURE 2. Oriented adsorption of ethylene oxide segments on a silica
surface gives rise to hydrophobic surface regions. The remainder
of the PEG molecule extends into solution, away from the surface.

Pu02/Si09 mixtures are therefore of interest, and were attempted using a
PEG/sodium sulfate biphase system. In these experiments, polymeric Pu(IV) was
used as a stand-in for particulate PuOg. Data from x-ray diffraction measure-
ments have shown that the aged plutonium polymer has a PuOg crystal lattice
structure, while small-angle neutron scattering measurements indicate that the
polymer is approximately 22A in diameter and 120A long (23).

As with other metal oxides, polymeric Pu(IV) partitions quantitatively to
the sulfate layer. Its partition coefficient in the PEG-3400/NazS0O4 system at
pHs from 3 to 6 is approximately 0.001. During the extraction of polymeric
Pu(IV) in the presence of ground amorphous silica, the silica partitioned into the
top phase, leaving the bottom phase with no trace of cloudiness (see Table 4).
The size distribution of the ground silica was between 0.2 and 1.0 um, and since
the bottom phase was clear, the silica concentration in that phase can be esti-
mated as less than 10°4 wi%. Based on the total amount of silica added, slightly
greater than 99.99% of the silica had partitioned into the top phase. With
greater than 99% of the polymeric Pu(IV) remaining in the bottom phase, a sepa-
ration factor greater than 10° is estimated to have been obtained in a single
stage.

It is expected that the surface properties of the plutonium polymer and
PuOq particles found in the plutonium residues are similar. The surfaces of
both contain hydrated Pu-OH sites and should therefore display similar parti-
tioning behavior. Efforts to correlate the partitioning of polymeric PuOg and
micron-size PuQOy particles are currently underway.
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TABLE 4. PARTITIONING OF COLLOIDAL PuOg IN BINARY SYSTEMS2

System Reagent Partition Coeff.

PuOy Si0g Graphite
PuOy/Si0Og None 0.009 >10%
PuOsy/Graphite None 4.0 >103
PuOgy/Graphite  0.01% AQTP 0.04 >108

2Aqueous biphase system: 15% PEG-3400/7.5% sodium sulfate at pH 3.
bAOT: sodium bis(2-ethylhexyl)sulfosuccinate, Aerosol OT.

The other binary system studied consisted of polymeric Pu(IV)/graphite
mixtures. Regardless of pH, the naturally hydrophobic graphite was quantita-
tively extracted into the upper PEG phase, leaving no visible trace of color or
cloudiness in the bottom sulfate layer. Given a particle size of 1 to 2 pm, the
graphite concentration in the lower phase was therefore estimated {o be less
than 104 wt%. The partition coeflicient of the polymerized Pu(IV) was 4 in this
case. This large partition coefficient for plutonium is probably due to adsorp-
tion of the plutonium polymer onto the graphite particles. Whether or not this
adsorption is mediated by the presence of the PEG is not known; but polymeric
Pu(IV) adsorption onto hydrophobic polyethylene in the absence of PEG has
been observed (29).

By adding 100 ppm Aerosol OT to the biphase system, the partition coef-
ficient of plutonium was reduced to 0.04. It is possible that the partition coeffi-
cient could be reduced even further by optimizing the choice of dispersing agent
and its concentration. Interestingly, the Aerosol OT was effective only when it
was added as a dodecane solution. Using an aqueous Aerosol OT stock solution
actually resulted in Pu partition coefficients larger than 4. Its possible that ad-
sorption of the hydrocarbon, alone, at the graphite surface is responsible for
blocking Pu polymer adsorption. In fact, when adding 100ppm dodecane to the
biphase system, the partition coefficient of plutonium dropped to 0.02.
However, in the absence of Aerosol OT, the dodecane also caused the graphite to
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agglomerate and then partition to the top, PEG phase. A few large graphite ag-
glomerates settled to the bottom of the test tube. Otherwise, the bottom, sulfate
phase remained clear as before. Surface modification of activated and
graphitic carbons with additives such as kerosene is commonly used in gold
beneficiation as a means of reducing gold adsorption in carbonaceous ores (30).
The mechanism by which organic compounds inhibit gold uptake by the
carbonaceous material is not fully understood, but is believed to involve both
hydrophobic and electrostatic interactions (30). It is possible that in the present
situation, the dodecane acts to block sites on both the graphite surface and the

plutonium polymer.

CONCLUSIONS

Aqueous biphasic extraction offers the potential for obtaining extremely
high separation factors between metal oxides and silica. In principle, the selec-
tive adsorption of phase-transfer agents can be used to obtain separations be-
tween different metal oxides. The ability of this extraction technique to sepa-
rate particles that are £ 1 pm makes it feasible to use ultrafine grinding as a
means of liberating PuQOs from plutonium-containing residues. In preliminary
tests with model systems containing polymeric Pu(IV), estimated single-stage
separation factors of 2104 were obtained with PuOg/graphite and PuO2/SiO2
mixtures, respectively. Polymeric Pu{IV) is known to be highly surface-active
with an ability to adsorb to practically any solid surface (31). The fact that such
high separation factors were obtained in the presence of high surface area
particulates represents a significant separations achievement.

Work is underway to evaluate separation capabilities of aqueous bipha-
sic extraction using actual plutonium residues. Grinding studies are being car-
ried out concurrently to evaluate the extent of plutonium liberation during par-
ticle-size reduction. The residues will be ground wet to an average particle size of
1 pm or less using a vibratory ball mill. If separation factors as large as those
obtained with the model systems reported here are attainable with actual pluto-
nium residues, a significant portion of the residue volume would become dis-
cardable. The plutonium concentrates could then be processed more economi-
cally by chemical means to recover highly purified plutonium as either the

metal or the oxide.
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