
!3 -<

Space-Angle Approximations
in the Variational Nodal Method

E. E. Lewis
Department of Mechanical Engineering

Northwestern University
Evanston, IL 60208 (U.S.A.)

and

G. Palmiotti and T. Taiwo
Reactor Analysis Division

9700 S. Cass Avenue
Argonne National Laboratory
Argonne, IL 60439 (U.S.A.)

To be presented at the M&C’99 Cotierence,
September 27-30,1999

Madrid, Spain

‘nMl&liltEfi nulxl’iplmbxaldbjtk

m Ofaicw z C@ax Of@’m
N&mlL&u#ay(’Al!Jm@ lnKkTOnha5

M W31-103-EW38M&USEqniImi

cf=JL!Y~~ Cmmnmt*friklf

addms*cniSua@kp,m

e&ir$inenEbkv.cdivi&h3Eerns?ic

atic+2b - pqzre ckxiwlitev.u?-q
d.4rbJecqaoaEpbli%3dp-KnqxMdy
a-ddi@Tj pMdy, tycrcn Lddfoftk

This work was supported by the U.S. Department of Energy under contract No. W-31-109-ENG-38.



DISCLAIMER

This repofi was prepared as an account of work sponsored
by an agency of the United States Government. Neither the
United States Government nor any agency thereof, nor any
of their employees, make any warranty, express or implied,
or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or
any agency thereof.



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.

t

I
I



, k
?

results of several of years fundamental research to develop a class of compounds designed to be
readily decomposable subsequent to their process application. We call these reagents Thermally
Unstable Complexants (TUCS) (~). The TUCS complexants, based principally on derivatives of
methanediphosphonic acid, were designed with waste minimization/stabiIization during actinide
processing as the primary objective.

It became apparent during this research that TUCS might have potential for application in
environment restoration within the DOE complex and elsewhere. A project was therefore
undertaken to develop chemical procedures to reduce the inherent volubility of waste actinide metal
ions in the environment by converting them to insoluble phosphate mineral phases using TUCS.
Metal phosphates are appropriate for this role because, 1) phosphate minerals like monazite
((La,Ce,Th)P04) and hydroxyapatite (Ca5(OH)(P04)3) exist in moderate amounts and in
geologically stable formations, 2) measurable concentrations of naturally occurring actinides are
typically observed in monazite formations, and 3) organophosphorus compounds occur naturally
and are known to be readily hydrolyzable. A side benefit of concentrating on phosphate mineral
phases is the substantial body of thermodynamic data that is available in the literature to enable
modeling of the system. Thermodynamic models are a widely accepted approach to process
verification and prediction.

In the following discussion, we will describe the essential features of a chemical process that
combines cation exchange with mineralization of actinide cations into thermodynamically stable
phosphate mineral phases. The process
centers on the naturally-occurring
organophosphorus compound myo-
inositol hexakis(phosphoric) acid more
commonly known as phytic acid (Figure
1). Phytic acid is a natural product
(isolated from beans and leafy
vegetables) which is used commercially
as a starting material in the manufacture
of inositol (~), as a dietary supplement, a
nutrient source for microorganisms, and
a metal chelating and precipitating agent. -
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It is known to compiex polyvalent metal Figure 1. Phytic acid
ions moderately and is readily hydrolyzed
to release phosphate. The organic
product of phytate hydrolysis (inositol) is a cyclic sugar that does not complex metal ions and is
readily degraded in the environment. Because the calcium salts of phytic acid are insoluble, we
expected that these salts would function as cation exchangers for soluble actinides under
environmental pH conditions.

EXPERIMENTAL

Reagents

Phytic acid was purchased from Aldrich Chemical Company as both the dodecasodium salt and as
a 40% aqueous solution. No purification of either material was attempted, but each was
characterized by potentiometric titration and NMR spectroscopy. Ca(N03)2, Th(N03)4, U02(N03)Z
and EU(N03)3 were taken from laboratory stocks, as described previously. All other reagents were



of analytical reagent grade and used as received. Radiotracers used for volubility studies were
taken from laboratory stocks.

Experimental Procedures

As this project combined a wide array of complementary experiments involving several different
analytical techniques, the procedures will only be summarized. More specific information can be
obtained by examining previous reports (3-6). Studies of the hydrolysis rate of phytic acid as a
function of temperature and pH were cond=ted using sealed ampoules (to minimize the possible
interference of microorganisms and atmospheric air) analyzing decomposition products by NMR
spectrometry and UV-visible spectrophotometry. Solid metal phosphates, prepared from
phosphoric acid solutions and by decomposition of metal phytates, were characterized by X-ray
powder diffraction, thermogravimetric analysis, infrared spectroscopy, and (for selected species)
X-ray absorption fine structure spectroscopy (EXAFS). Radionuclide distributionlsolubility studies
were performed using a simplified groundwater surrogate (0.1 M NaCl, 0.0005 M NaHC03).
Analysis of concentrations of metal concentrations in the solution phase was completed using
radioanalytical techniques (Vcounting on a Packard Instruments Cobra Autogamma counter with
Nal detector or a-counting using liquid scintillation). The equilibrations were carried out over a
period of up to 180 days to insure attainment of a steady-state/equilibrium. Most experiments
achieved a steady state within a much shorter time. Reagents added to study volubility/sorption
included various combinations of Ca2+, P043-, soluble sodium phytate, insoluble calcium phytate,
hydroxyapatite (Ca5(OH)(P04)3), and humic acids. The non-completing buffers MES (2(N-
morpholino)ethane-sulphonic acid), HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulphonic
acid), and Trizma were used to maintain the pH of selected solutions. Soil samples from the Fernald
Environmental Management Project and the Idaho National Engineering and Environmental
Laboratory were also studied.

RESULTS AND DISCUSSION

Speciation of actinides in the environment is strongly affected by the diverse chemistry of these
elements. For the actinides from thorium through curium, the most important oxidation states in
solution and the solid state are shown in Table 1. For Th through Pu, the most common oxidation

TABLE 1. Most stable oxidation state of actinides in the environment.

Th u Np Pu Am/Cm

Solid Iv Iv, VI Iv Iv Ill

Solution IV VI v v, VI Ill

state in the solid state is the tetravalent, though there are known solid compounds of U(VI).
Common anions that limit volubility of actinide ions include oxide/hydroxide, phosphate, vanadate,
fluoride, and for reduced metal ions, carbonate. The dominant solution phase species for U-PU
under environmental conditions are the pentavalent and hexavalent oxidation states which exist in
aqueous solution as the dioxocations. Am and Cm exist exclusively in the trivalent state except in
strongly oxidizing media not typically encountered in nature. In the trivalent, tetravalent, and
hexavalent oxidation states, actinides are strongly complexed by several naturally occurring Iigands
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(carbonates, humics, hydroxide, carboxylic acids), man-made complexants (like EDTA),
moderately complexed by sulfate, fluoride, and phosphate, and weakly complexed by chloride. The .
strong carbonate complexes of the hexavalent actinides increase their volubility even at very low
carbonate concentrations. Most of the free ions are moderately strongly sorbed on mineral
surfaces, but complexation can interfere with this process. The pentavalent oxidation state, which is
dominant under a wide range of conditions for Np and in near neutral pH for Pu (at least under
oxidizing conditions), has the greatest inherent potential for environmental mobility. This extremely
diverse chemistry and geochemist~ of actinides makes accurate speciatfon a challenge, but also
offers many opportunities for manipulation to control volubility.

Phytate Hydrolysis

The hydrolysis of phytic acid obeys first order kinetics between PH5 and 8 and temperatures from 50-
90”C. The reaction rate for the hydrolysis appears to be only weakly dependent on PH. This is
consistent with the results obtained by Bullock et al, who found a maximum in the rate at PH4 (~).The
overall reaction for the hydrolysis of phytic acid releases H+to the medium according to the following
reaction:

6 H20 + CGH6(P04H2)6 # C6H6(OH)6 + 6 H2P04- + 6 H+ (1)

Final pH of the solutions was observed to be in the range of 5-6, controlled by the combined buffering
effects of phytic acid (with 12 ionizable protons) and the product phosphate. Arrhenius plots for the
decomposition at pH 5 and 6 yield almost identical values of 141 kJ/moi for the enthalpy of activation,
with standard deviations of* 2.9 and 3.6 kJ/moi at pH 5.1 and 6.0, respectively. Extrapolation to 25*C
gave half-times of 104*22 years at pH 5.1 and 156 * 42 years at pH 6.0.

There are several candidate pathways toward faster hydrolysis rates under environmental
conditions. Polyvalent metal ions (for example, iron) may accelerate the rate of hydrolysis. We have
evidence (next section) that uranyl ion may increase the rate. The enzyme-catalyzed hydrolysis of
phytate is known to be faster than the thermal reaction (Ll),and the presence of microorganisms may
accelerate the hydrolysis in the subsurface environment. A recent report(~) indicates that phytic acid
is rapidly mineralized (converted to phosphate) by both aerobic and anaerobic microbiological
processes. Suzumura and Kamatani report complete mineralization of phytate in less than 40 days in
contact with sea sediments. Most of the phosphate is released to the solution phase under anaerobic
conditions and about half under aerobic conditions. In addition, their results indicate that most of the
phytate added to the sediments was bound to the sediment particles.

Metal Phytate-phosphate Conversions

The second stage of this experiment was to demonstrate the preparation of.Eu(lll), U(M) and Th(lV)
phosphates resulting from the decomposition of phytic acid. These metals were chosen for study as
redox stable analogs for the principal actinide oxidation states, a concept which has been
repeatedly validated for studies of this type. For each system, samples were prepared at 1:1,2:1,
and 4:1 (metal: phytate) mole ratios at pH 5. Precipitation of the metal phytates was immediate. The
resulting slurries were stirred at 85°C for 30 days and sampled periodically for analysis of the solids
by TGA, X-ray powder diffraction, and FTIR. The rate of release of phosphate to the solution phase
was monitored calorimetrically using the molybdovanadophosphoric acid method.
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A series of infrared spectra of solid samples derived from the europium experiment were reported
previously (~). The spectrum of solid europium phytate sample shows broad features at about 3500 .
cm-l that are attributed to water bands. In the range of 1200-800 cm-l are phosphate bending
modes. This region is characterized as a broad resonance region, due to the multiple phosphate
environments in the complexed europium phytate. After one day at Q5°C, this region of the
spectrum narrowed a bit and new features appear at 400-500 cm-l. By 29 days, the spectrum is
identical with that observed for EuP04*1 /2 H20. The X-ray powder diffraction results indicate a
mixture of europium phytate and phosphate hemihydrate at day 7, but only EuP04*l/2 H20 at 19
days.

Parallel experiments with uranyl-phytate mixtures (at the same mole ratios) resulted in the
production of a uranyl phosphate solid which was at least partially crystalline and tentatively
identified as (U@)s(PO&*H@. We observed a slight increase in the rate of production of
phosphate in the presence of uranyl. Thorium was insoluble under all conditions, but there was no
evidence of crystalline thorium phosphates or phytates, though solid thorium phytates may have
been present initially. Based on the reported volubility product for Th02 (~), hydroxides and oxides
probably control thorium volubility. This feature is likely representative of the tetravalent actinides in
general.

Calcium Phytate Stoichiometry and Uptake of Uranyl

To interpret the results of experiments examining the cation exchange behatior of the calcium salts of
phytic acid, the stoichiometry of the calcium phytate solid species was determined. A solution of
sodium phytate (0.05 M) was adjusted to pH 7 with NaOH. A 1 M Ca(N03)2 solution was added to the
sodium phytate solution to metal:ligand ratios of 1:1, 2:1, 3:1, 4:1, 5:1, and 6:1. A white precipitate
formed within a short period under all conditions. The solutions were equilibrated overnight then
washed four times with deionized water. After washing, the samples were dried at 100 ‘C for24 hours
then analyzed for Ca, P, Na, C, and H.

Results for elemental analysis of C, H, Ca, Na, and P and the calculated stoichiometries of the solids
were reported for the calcium phytate samples in a previous report (~). The composition of the solid
calcium phytates is nearly constant independent of the solution phase calcium to phytate ratios. Most
of the sodium is replaced with calcium, charge neutralization achieved with hydrogen ions. The
average stoichiometry of the calcium phytate solids generated in these experiments is
CaaGNa~z~Hz.G(CH(POQ))G.6.5Hz0.

The second phase of the cation exchange experiments tested the relative affinity of phytate for Ca2+
and U022+ Homogeneous solutions of calcium nitrate and uranyl nitrate at mole ratios of 5:1, 4:2,
3:3, 2:4, 1:5, and 0:6 were combined with a solution of sodium phytate (0,049 M) adjusted to pH 7
such that the total metal concentration to Iigand ratio was 6:1. After 72 hours equilibration, the
samples were centrifuged and the mother liquor removed. The precipitates were washed once with
deionized water, dried at 110-125 “C to constant weight and the solids were analyzed for Ca, U, P,
and Na.

The final phase of the cation exchange experiments was to test uranyl substitution for calcium on solid
calcium phytate samples. A known amOUntof CaA.6Na0.zoH2t6(CH(POQ))G.6.5H@ was contacted
with a solution of uranyl nitrate at uranyl to phytate mole ratio of 1:1,2:1,3:1,4:1,5:1, and 6:1. The pH
of the solutions was in the range of 6-7.5, After 72 hours mixing, the precipitate was washed once with
deionized water, the solids dried at 110-125 “C to constant weight and subsequently analyzed for Ca,
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U, P, and Na.

The uranyl substitution efficiency for calcium is summarized inTable 2. The solid species precipitated
from aqueous solution suggest that phytate has a much higher affinity fot uranyl than calcium, as
evidenced by the elevated ratio of UOz2+/Ca2+in the solids prepared with low ratios of uranyl:calcium.
The highest stoichiometry for U022+ is 5,4 equivalents/phytate, 91% of the theoretical maximum of 6
equivalents. In the two phase experiments, the trend of uranyi substitution for calcium is less regular
from 1-3 equivalents of uranyl, but ultimately reaches a maximum substitution of 96% at the 6:1 mole
ratio. For uranyl, these macroscopic concentration experiments indicate that the calcium salt of phytic
acid has great affinity for uranyl ion from neutral pH solutions. We have demonstrated in a previous
report (~) that calcium phytate is a better sorbent for uranyl ion than hydroxyapatite when the
equilibration is carried out in the presence of a soil sample from the Fernald Environmental
Management Project.

TABLE 2. U022+/Ca2+ competition for cation binding sites on phytic acid and substitution of
UOZ2+for Ca2+ on calcium phytate solids. XM is the mole ratio of each metal ion per mole of
phytate, mM is the stoichiometric factor for each species in the phytate solid as

(1-Jo2)tnuo,@nca NamNaHmH(Phytate) *mH,o(H20). *indicates solid ca4.e(phytate)e6.5 H20.

xU02 Xca

1 5

2 4

3 3

4 2

5 1

60

1 4.6*

2 4.6*

3 4.6*

4 4.6*

5 4.6*

6 4.6*

W02

2.43

2.29

3.23

4.15

5.21

5.43

1.10
2.37

1.71

4.39

5.16

5.77

mca

2.24

1.23

0.81

0.37

0.06

0.00

4.38

3.51

3.96

1.25

0.58

0.18

mN~

1.42

0.63

0.63

0.32

0.08

0.00

0.07

0.00

0.00

0.00

0.00

0.00

mH”

0.0
2.72

2.65

2.65

1.38

1.14

1.04

2.60

0.67

0.72

0.53

0.11

mH20

12.1

19.5

0.0
13.9

17.0

16.5

9.35

12.0

9.0

17.2

‘t4.8

1.8

Actinide Volubility Control by Calcium, Phosphate, and Phytate

Two stages of volubility control were evaluated in this investigation: that by phytic acid/calcium
phytate and that by phosphate/calcium phosphate. Because the actinide ions are all radioactive, their
concentrations are readily monitored using radioanalytical techniques. This method of analysis offers
excellent sensitivity for solubili studies, enabling quantitation at concentrations as low as 10-8M for
the comparatively long-lived t2 7Np down to 10‘11 M for 241Am. Redox-stab[e isotopes 241Arn3+,
233u022+, 237Np02+, and 152-154Eu3+were studied to evaluate the behavior of actinides in the tri-,
hexa-, and pentavalent oxidation states (the tetravalent state wasn’t explicitly investigated as



explained above). Investigations of plutonium solubiiity were conducted with species present initially
in either oxidized (Pu(VI)) or reduced (Pu(lll)) forms. Because of the comparative redox instability of
Pu, the results were interpreted using the concept of oxidation state analogs. The isotope of choice
was 239Pu In most cases, either citric acid or EDTA was added at concentrations equal to that of the.
metal ion to maximize free ion volubility and to further test the efficacy of the phosphate treatment.

The uranyl/calcium phytate experiments described in Table 2 demonstrated the cation exchange
ability of phytic acid and that at macroscopic concentrations, the uranyl salts of phytic acid are
insoluble. At radiotracer concentrations, precipitation of actinide phytates is unlikely though
coprecipitation of actinide ions on calcium phytate or cation exchange appears a viable mechanism
for actinide volubility control. The results of 180 day equilibrations of actinide cations in our synthetic
ground water, in the presence of calcium phytate solid, and with soluble calcium and phytate added
initially are shown in Figure 2. In the blank solutions, the concentrations of Pu(Vl)-citrate, U(Vl)-
citrate, Pu(lll)-citrate, Pu(III)-EDTA, and Am-EDTA all increase slightly with PH. Np(V)-citrate
concentrations are not pH dependent, reflecting the inherently higher volubility of this monovalent
cation. In the presence of calcium phytate, the concentrations of all species are reduced over the pH
6-8 range as compared with the blank samples. The concentrations of the trivalent actinide
complexes are lowest at about pH 8, while the hexavalent cations are at their lowest concentrations at
pH 7, increasin slightly at pH 8, probably due to carbonate complexation. The coprecipitation

8mechanism (Ca + + Phytate) appears to result in consistently lower concentrations of the reduced
forms in the solution phase. The oxidized metal ions behave similarly in either scenario. The
concentrations of Np(V) are reduced by less than an order of magnitude by either treatment. The
relative order of the concentrations remaining in the solution phase (at the respective optimum pH) is
in the order Am(lll)-EDTA < Pu(III)-EDTA e Pu(lll)-citrate = Pu(Vi)-citrate -dJ(Vl)-citrate < Np(V)-

FIGURE 2. Concentrations of actinide cations in synthetic ground water solution as a function
of pH in unaltered groundwater sample (blank), with solid CaA5HzB(phytate)”6.5H@
(Ca46Phytate) or initially soluble Ca2+plus sodium phytate (Ca2+ + Phytate).
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citrate. [t is also evident that moderate to powerful chelating agents like citrate and EDTA do not
interfere with the precipitation process. This is an important result, as these species, along with humic
materials and other colloidal species, are known to be important carriers of actinide ions in the
environment.

As the phytate decomposes in the subsurface, the system passes from volubility control by cation
exchange on phytate to mineralization and volubility control by phosphate mineral forms. The two
mechanisms for actinide volubility control during the latter stage are sorption onto (or co-precipitation
with) mineral phases based on matrix cations or actinide phosphate mineral formation. To test the
limits of the latter, actinide and Ianthanide citrates were equilibrated with phosphate in our synthetic
groundwater. The coprecipitation mechanism was evaluated using the same actinide/lanthanide
citrates and either (initially) soluble Ca2+/P043-or by adding hydroxyapatite solid.

The performance of various chemical forms of EU3+(representative of the trivalent actinides) is
shown in Figure 3. On the left hand portion of the plot, the solubilizing effect of citrate at pH >6 is
illustrated by the enhancement in Eu volubility as compared with the hydroxide plot. In both the
EU(OH)3and EU(N03)3 plots, the decrease in concentration with increasing pH (and no phosphate
present) is generally consistent with thermodynamic data assuming that EU203 or EU(OH)3 is the
volubility controlling species. Addition of 0.001 M phosphate reduces the soluble Eu concentration by
a factor of 50-100 undermost conditions. The results on the right hand curve indicate optimum control
of volubility at pH 6-7 and in the range of phosphate of 10-4 to 10-3M. Higher concentrations of
phosphate appear to increase volubility, probably as a result of the formation of high order europium-
phosphate complexes.

FIGURE 3. Europium concentrations in phosphate solutions at pH 5-8.
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The effect of both calcium and phosphate on the concentration of U(VI) an NP(V) in the synthetic
groundwater as a function of pH is shown in Figure 4. At tracer concentrations of the metal ions
(3x10-6 M for U022+, 5x10-5 M for NPOZ+),phosphate alone at 0.001 M reduced the concentration of “
UOZ2+by a factor of 6-30, dependent on the solution PH. Phosphate alone has little effect on the
concentration of Np02+. Addition of 0.001 M Ca2+ ion, gains an additional order of magnitude
reduction in [U022+], while an increase to 10-fold excess Ca2+ (relative to’phosphate) reduces the
uranyl concentration futther. The pH value at which uranyl soiubility appears to be lowest is reduced
to somewhat less than 7 with excess calcium. In the NP02+ system, higher phosphate and higher
calcium concentrations lead to reduced neptunium concentration. The volubility minima appear to
come at relatively higher pH, perhaps reflecting the comparative weakness of the NPOZ+carbonate
complexes. The maximum reduction in [NP(V)] is about a factor of 100, though the apparent volubility
limit under these conditions is higher than any other actinide ion investigated.

Figure 4. Uranyl (VI) and neptunyl(V’) concentrations in phosphate solutions.
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Finally, we examined the effect of small amounts of soluble humic materials on the concentration of
both oxidized and reduced plutonium in contact with either hydroxyapatite or calcium phytate. It was
obsetved in general that the systems were almost uniformly slower in achieving a steady state in the
presence of the humic materials, The nominal “final” conditions shown in Figure 5 represent a near
steady state concentration in most, but not all systems. Certain of the humic acid experiments
evidenced slowly changing concentrations even after 90 days equilibration time. The two

components of this figure indicate that 1) calcium phytate is a more effective sequestrant of Pu than
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hydroxyapatite when humic materials are absent, 2) humic acid at 0.14 and 1.4 ppm has little effect on
Pu sorption to hydroxyapatite, but appears to increase Pu concentrations above calcium phytate, .
though the effect is less pronounced at pH 8 than at lower values of pH. The nature of the effect merits
further investigation.

Figure 5. Humic acid effect on plutonium sorption by calcium phytate (closed symbols) and
hydroxyapatite (open symbols): ■no humate, ● 0.14 ppm humate, A 1,4 ppm humate.
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We demonstrated in an earlier report that in batch-wise equilibration experiments, calcium phytate
was a more effective reagent for controlling the concentration of uranyl cation in equilibrium with a soil
sample from the Fernald Environmental Management Project than a comparable weight of
hydroxyapatite (~). We postulated that this effect was likely an indication of the superiority of the
cation exchange mechanism as compared with surface sorption. Some of the results outlined above
suggest that immediate precipitation of calcium phosphate solids, or coprecipitation of actinide-
calcium-phosphate mixed salts, is an isolation method comparable in effectiveness to the calcium
phytate sequestration method.

CONCLUSION

In this report, we have described the principal stages of a two-step process for the in-situ stabilization
of actinide ions in the environment. The combination of cation exchange and mineralization appears
likely to provide a long-term solution to environments contaminated with heavy metals. Relying on a
naturally occurring sequestering agent has obvious potential advantages from a regulatory
standpoint. There are additional aspects of this technology requiring further elucidation, including the
demonstration of the effect of these treatment protocols on the geohydrology of soil columns, further



examination of the influence of humates and other colloidal species on cation uptake, and
microbiological studies of phytate hydrolysis.

We have learned during the course of this investigation that phytic acid is potentially available in large
quantities. In the U. S. alone, phytic acid is produced at an annual rate of several hundred thousand
metric tons as a byproduct of fermentation processes(11 ). This material presently is not isolated for
use. )nstead, most of the insoluble ph~ate (as phytin) is being recycled along with the other solid
fermentation residues for animal feed. This material is in fact considered undesirable in animal feed.
The details of possible separation processes for phytate from these residues would have to be
worked out before this untapped resource would be available for application to heavy metal
sequestration.

The results described emphasize the behavior of actinide and trivalent Ianthanide metal ions, as
these species are of primary interest to the Department of Energy for the cleanup of the former
nuclear weapons production complex. While the specific demonstration includes this fimited
selection of metal ions, the technique should be readily applicable to any class of metal ions that form
insoluble phosphate compounds under appropriate conditions. Further, though this demonstration
has been conducted in the pH 5-8 range, it is conceivable that the basic concepts would apply equally
well for the stabilization of waste metals in mill tailings piles, wherein conditions can be moderately
acidic.
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