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Summary

Scientists at Pacific Northwest National Laboratory and the Hanford Plutonium Process Support
Laboratory of the Plutonium Finishing Plant (PFP) studied flowsheet conditions to selectively precipitate
plutonium oxalate from uranium-bearing Critical Mass Laboratory (CML) solutions in the PFP Room
230-C precipitation apparatus and dry, calcine, and package the resulting filtercake. The objective of the
processing was to generate a stable plutonium oxide-bearing powder [as judged by loss-on-ignition (LOI)
measurements] that can pass the DOE-STD-3013 moisture criterion (<0.5 wt% LOI) when produced in the
ambient humidity of the remote mechanical C (RMC) line in the PFP. Based on these studies with simulated
and genuine CML solutions and various constituent materials, process conditions were recommended under
which the product powders can reasonably be expected to pass the moisture criterion when packaged in the
RMC line at relative humidity up to 80%.® Furthermore, LOI could monitor product oxide moisture.

The CML solutions are mixtures, in various ratios, of plutonium nitrate and uranium nitrate (of natural
and depleted enrichment) in 2—3 M nitric acid with small concentrations of gadolinium nitrate (0.54 g Gd/L)
and boric acid (1.66 g B/L). About half of the total plutonium was present in solution streams in which the
uranium concentration was over twice that of the plutonium (Table S.1). Therefore, experimentation focused
on these more uranium-rich compositions.

Table S.1. Compositions and Distributions of CML Solution Feed

Atom% | Concentration (g/L) | Pu:U wt% of total
Hopy Pu U ratio Pu U
6.1 80.0 180.0 0.44 22 41
6.1 77.6 178.8 0.43 29 56
11.86 41.2 33.6 1.23 3 2
22.7 210.6 5.8 36.3 46 1

The following were the general objectives of the laboratory test program that began in October 2001:

¢ Provide data to the PFP and DOE on oxalate precipitation, calcination, and packaging of CML solution
products in the ambient humidity RMC line to support authorization of the planned December 2001 shift
to CML solution processing.

o Within this goal, maximize process throughput and minimize worker dose by minimizing process steps
and operation time.

e Use existing plant equipment and procedures to the extent possible.

e Minimize the volume of material to be packaged for long-term storage in expensive 3013 containers.

Based on these general objectives, the following specific objectives were pursued:

o Identify precipitation conditions, using solid oxalic acid reagent, that maximize plutonium recovery from
CML solution (minimize losses to the filtrate) and minimize uranium contamination (presence of
unwanted uranium present in the long-term plutonium product storage container).

(a) Thermal stabilization in the RMC line is administratively controlled so that it does not occur at relative humidity
exceeding 60%.
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e Determine the effects of uranium, gadolinium, and boron contaminants on the affinity of the oxide
product for water under humid conditions and identify plant operational conditions (humidity and time)
that guarantee meeting the <0.5 wt% moisture criterion for the product to be held under long-term
storage. In particular, determine whether calcined products containing more than 8 wt% uranium and
stored under ambient humidity conditions can meet the 0.5 wt% moisture criterion.

e Determine the feasibility of using LOI to determine moisture concentrations on calcined oxalate products
from the CML feed solutions.

The recommended processing conditions summarized in Table S.2 were adopted by the PFP and are
based on small-scale experimental testing. Subsequent experience with full-scale operations suggested only
minor adjustments to the proposed parameters. Process parameters that are not listed remained unchanged
from practices used to process the plutonium product nitrate solutions by precipitation with oxalic acid and
calcination of the product cake.

Table S.2. Recommended Processing Conditions

Process Step

Process Parameter

Condition

Feed make-up

CML concentration

Dilute to <50 g Pu/L

HNO; concentration

Minimize by dilution of CML feed solution with 0.25 M
HNO; to 1-2 M final acid concentration

Oxalic acid addition

Purity and preparation

Reagent-grade, air-dried, and crushed

2.1-2.3 oxalate:Pu mole ratio; addition above 2.3
oxalate:Pu mole ratio causes undesired uranyl oxalate

Quantity precipitation and lower Pu loading in the product 3013
vessels®
Mixing Time 30-60 minutes
Filtration Rinsing Not required
Time between end of
Calcination calcination and hermetic | <3 days at <60% relative humidity
packaging
Moisture . Weight measurements before and after two hours of heating
wt% moisture )
measurement in 1000°C furnace to measure LOI

(a) Tests showed that products containing even 100 wt% U;Og satisfy moisture criterion DOE-STD-3013-2000.
However, inordinate amounts of uranium increase the required number, handling, and storage costs of 3013 containers
and the risk of excessive moisture absorption at extended exposure to humid atmospheres.

The experimental program provided data to the PFP operator and DOE to support authorization of proc-
essing the CML solutions and packaging the products in the RMC line using LOI to demonstrate compliance
with the DOE-STD-3013 moisture criterion. The timely provision of the test data allowed a smooth transi-
tion to processing the CML streams with no plant downtime. The specific recommendations provided to the
PFP were applied to the process such that process throughput was increased about three-fold over the
original baseline process. As a result, about two months of processing were saved and worker dose was
decreased. The process recovered over 99% of the plutonium while dramatically decreasing the volume of
material committed to expensive life-cycle costs in 3013 containers compared with the baseline process.

The proposed operational conditions, properties of the intermediate and final products, and supporting
laboratory results are presented in this report.
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1.0 Introduction

The magnesium hydroxide precipitation process began at the Plutonium Finishing Plant (PFP) on the
Hanford Site in September 2000 as the initial step to stabilize nitric acid solutions of plutonium by con-
verting them to plutonium oxide. The stabilization satisfies DNFSB 94-1/2000-1 requirements for
removing the PFP plutonium inventory in anticipation of plant decommissioning. To overcome process
throughput challenges and achieve product quality targets, oxalic acid supplanted magnesium hydroxide
as the baseline precipitation process reagent for solution stabilization in July 2001. This decision was
based on favorable results from a process test with impure (single-/double-pass filtrate) plutonium solu-
tions also containing iron, sodium, and other metals. The oxalate reagent’s selectivity to precipitate the
desired plutonium but leave most other metals dissolved (where they could be consigned to waste instead
of accompanying the plutonium) was a major advantage over the magnesium hydroxide reagent because
solids quantities requiring drying, calcination, and long-term monitored storage were decreased. With
magnesium hydroxide, not only plutonium but also undesired multivalent metals (e.g., iron, aluminum,
chromium) precipitate, needlessly increasing the processing time and the plutonium product bulk.

From August 2001 to January 2002, only pure plutonium product nitrate solutions, having little other
dissolved metal, were processed by oxalate precipitation. After all of the pure product nitrate solutions
were stabilized, PFP planned to begin oxalate processing of Critical Mass Laboratory (CML) solutions.
The CML solutions contain plutonium with high concentrations of isotopically natural and depleted
uranium and low concentrations of boric acid and gadolinium nitrate. To ensure complete plutonium
precipitation, initial plans called for addition of enough oxalate to precipitate the plutonium and nearly all
of the uranium as well. Because the natural and depleted uranium is of little value, no specific require-
ment existed for its recovery from solution, stabilization, and storage. Therefore, decreases in processing
time, product bulk, radiation dose to workers, and shipping and storage requirements could be realized if
uranium were not precipitated with the desired plutonium product. In addition, improved process
throughput, PFP utilization, radiological dose, and schedule could be obtained if it could be demonstrated
that acceptably low moisture concentrations could be attained by thermal stabilization of plutonium
product containing uranium, boron, and gadolinium impurities in the ambient humidity of the remote
mechanical line C (RMC) of the PFP and if the low moisture concentration could be measured by the
existing loss-on-ignition (LOI) technique.

Laboratory testing was required to establish processing parameters to minimize uranium precipitation
and to verify that acceptably low moisture uptake on the calcined uranium-bearing plutonium oxide
product could be achieved to meet the DOE-STD-3013-2000 standards. The following are the general
objectives of the laboratory test program, which began in October 2001:

e Provide data to the PFP and DOE on oxalate precipitation, calcination, and packaging in the ambient
humidity RMC line to support authorization of the planned December 2001 shift to CML solution
processing.

¢ Within this goal, maximize process throughput and minimize worker dose by minimizing process
steps and operation time.

o Use existing plant equipment and procedures to the extent possible.

e Minimize the volume of material to be packaged for long-term storage in expensive 3013 containers.
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Based on these general objectives, the following specific objectives were pursued:

o Using oxalic acid reagent, identify precipitation conditions that maximize plutonium recovery
(minimize losses to the filtrate) and minimize uranium contamination (presence of unwanted uranium
present in the long-term plutonium product storage container).

e Determine the effects of uranium, gadolinium, and boron contaminants on the affinity of the oxide
product for water under humid conditions and identify plant operational conditions (humidity and
time) that guarantee meeting the <0.5 wt% moisture criterion for the product to be held under long-
term storage. In particular, determine whether calcined products containing more than 8 wt%
uranium and stored under ambient humidity conditions could meet the <0.5 wt% moisture criterion.

e Determine the feasibility of using LOI to determine moisture concentrations on calcined oxalate
products from the CML feed solutions.

The test results described in this report provided the bases for the selection of operating parameters to
precipitate plutonium from CML solutions. The results demonstrated that the calcined product prepared
according to plant practices (two hours calcination at 1000°C) should exhibit acceptable moisture uptake
properties even when handled in the gloveboxes of the PFP RMC line when operations are permitted at

less than 60% relative humidity (RH). It was also shown that moisture concentrations could be measured
by LOL

The laboratory testing with simulated CML solutions was conducted in radiological gloveboxes at the
Pacific Northwest National Laboratory (PNNL). Testing with genuine CML solutions was conducted at
the Plutonium Process Support Laboratory (PPSL) of the PFP. This work was sponsored by the Nuclear
Materials Focus Area (NMFA) and performed in accordance with Technical Task Plan RL31NM11,

Rev. 1, Tasks A and C. The Fluor Hanford Technology Management Program provided additional
support. The lab work was designed, executed, and reported and plant operating conditions recom-
mended in three months (mid-October 2001 to mid-January 2002), allowing PFP operations to transition
smoothly from processing the product nitrate solutions to DOE-approved processing of the CML
solutions.

Section 2 of this report describes the CML solutions, CML solution simulants, and the expected
oxalate precipitation, calcination, and moisture uptake chemistries. In Section 3, the precipitation testing,
results, and proposed operational parameters are described. Tests of oxalate precipitate calcination,
product calcine characterization, and moisture uptake of uranium oxide (U;Og), boric acid with cerium
oxide (a plutonium oxide surrogate), and calcined uranium-bearing plutonium oxides from CML simu-
lants and genuine CML solutions are described in Section 4 along with the principal findings and ex-
pected operational performance for calcination processing in the RMC line. Cited references are listed in
Section 5.
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2.0 Background

Several aqueous nitric acid solutions of uranium and plutonium were prepared for use at the CML
during previous studies of nuclear criticality safety. These CML solutions were stored at the PFP and were
part of PFP’s plutonium-bearing solutions inventory that needed to be converted to the stable PuO, form for
long-term storage under the DOE-STD-3013-2000 criteria (DOE 2000). The characteristics of the CML
solutions and the solutions used in the laboratory testing are described in this section. The oxalate precipi-
tation process, oxalate calcination chemistry, and potential for moisture uptake also are explained.

First, in Section 2.1, the origins and compositions of the uranium-rich CML solution types are con-
sidered in light of the relative plutonium and uranium inventories, isotopic compositions, and chemical
valences (oxidation states). The nitric acid concentrations and the presence of small but potentially sig-
nificant concentrations of boron and gadolinium are described in Section 2.2. The precipitation chemistry
of tetravalent plutonium oxalate then is explained based on technical literature and plutonium processing
plant practices, including current practices at PFP, in Section 2.3. The expected precipitation behaviors of
hexavalent uranium, gadolinium, and boric acid in the CML media are discussed in Section 2.4. In particu-
lar, the relative solubilities of the plutonium and uranium oxalates are contrasted to illustrate the technical
basis for the proposed selective precipitation of the desired plutonium away from the more concentrated but
undesired uranium. The drying and calcination behaviors of the expected Pu(IV) oxalate filtercake with
accompanying uranyl oxalate solids, uranyl nitrate solution, gadolinium oxalate solids, and boric acid then
are described. The hygroscopicity of the product oxides is considered within this discussion.

2.1 Characteristics of the CML Solutions

The compositions and approximate inventory distributions of the CML solutions requiring stabilization
are presented in Table 1. About half of the plutonium and 97% of the uranium mass are found in the two
groups composed of weapons-grade (6.1 atom% **’Pu) material. These two groups also have practically
the same solution composition (~80 g Pu/L and ~180 g U/L). The other two solution groups compose the
remaining half of the CML solutions’ plutonium inventory. They have lower concentrations of uranium
relative to the plutonium and therefore should have process behaviors intermediate between pure plutonium
product nitrate (for which the plant has extensive current processing experience) and the ~80 g Pu/L and
~180 g U/L materials represented by the first two CML solution groups. For this reason, experimentation
focused on the processing properties of the first two groups.

Table 1. Compositions and Distributions of CML Solution Feed

0,
Atom% | Concentration (g/L) | Pu:U Wt, % of CML

10p, ratio inventory
Pu U Pu U

6.1 80.0 180.0 0.44 22 41
6.1 77.6 178.8 0.43 29 56
11.86 41.2 33.6 1.23 3 2
22.7 210.6 5.8 36.3 46 1
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All solutions are in strong (~2—3 M) nitric acid. The CML solutions with 6.1% ***Pu and ~80 g Pu/L
and ~180 g U/L also have present small concentrations of boron and gadolinium, both neutron poisons, at
1.66 g B/L and 0.54 g Gd/L. The solutions with 6.1 and 11.86% **°Pu contain depleted (0.66 atom% **°U)
uranium.

2.2 Characteristics of the CML Test Solutions

Laboratory tests with both simulant and genuine CML feed solutions focused on the first two solution
groups given in Table 1 because the concentration of uranium is higher than that of plutonium. Plant
criticality safety requirements constrain solution concentration in the precipitation vessel to less than
50 g-Pu/L. In addition, precipitates prepared from higher-concentration solutions are difficult to separate
from the mother solution. Therefore, the simulant tests were prepared to be dilutions of the nominal 80 g
Puw/L-180 g U/L to the level of ~50 g Pu/L (and consequently ~112 g U/L). The tests with genuine CML
solution were dilutions of an original CML solution prepared using 0.5 M HNO; or water as the diluent.
The compositions of the simulant and genuine CML test solutions (including the concentrations of **' Am,
the decay product of **'Pu) are given in Table 2. The genuine CML solution contains ~0.3 g **' Am/L or an
Am:Pu mass ratio of about 0.0039:1. The tests with simulant CML solution also began with an aged
plutonium(IV) nitrate [Pu(NO3)4] solution (i.e., had **' Am from decay of **'Pu) that contained a somewhat
lower relative concentration of in-grown **'Am (0.0021:1 Am:Pu mass ratio).

Spectrophotometry verified that the plutonium stock used in the simulant tests was exclusively tetra-
valent. The genuine CML solution used in the lab testing also was measured by absorption spectrophoto-
metry (Figure 1) and showed the expected exclusive existence of the dissolved plutonium as Pu(IV) with
no evidence of Pu(VI) (strong sharp peak at 831 nm) or Pu(IlI) (strong peaks at 565 and 595 nm). The
primary U(VI) spectrum features occur below 460 nm and are off-scale around 415-420 nm. The CML
solution spectrum in Figure 1 is compared with spectra of Pu(IV) and Pu(VI) prepared by treatment of Pu
nitrate stock solutions with hydrogen peroxide (H,0O,) and potassium permanganate (KMnQ,), respectively.

Table 2. Compositions of Simulant and Genuine CML Test Solutions

Test Solution Concentration (g/L) HNO; Conc.
Pu U Am B Gd (M)
52.6 | 112 | 0.108 0 0 1.14
_ 52.6 | 112 | 0.108 0 0 2.00
Simulant CML 526 | 112 | 0108 | 0 0 3.00
52,6 | 112 | 0.108 | 1.04 0.34 1.50
Genuine feed CML 742 | 210 | 0.287 | Unk.” | Unk.® 2.48
. . 37.1 | 105 | 0.143 | Unk.® | Unk.® 1.49
Bﬂﬁtgogsl\z flfg(l;}“;‘z i:Z?erC(sNit 247 | 69.8 | 0.096 | Unk.® | Unk.® 1.16
text) 18.6 | 52.4 | 0.072 | Unk.® | Unk.® 1.00
50.7 | 96.4 | 0.197 | Unk.® | Unk.® 1.33
(a) B and Gd were presumed present in the genuine feed CML solution at the nominal
concentrations, but the concentrations were not measured.
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Figure 1.  Absorption Spectrum of Genuine CML Solution Diluted in 3 M HNO;
(6.75 g Pu/L; 19.1 g U/L) Compared with Pu(IV) and Pu(VI) Spectra
in 1 M HNO;

2.3 Precipitation Process Chemistry

Since August 2001, the precipitation of plutonium(I'V) oxalate has been used for plutonium-bearing
solution stabilization operations in the PFP as the first step in the conversion to plutonium dioxide (PuQ,)
for long-term storage. The technology of Pu(IV) oxalate precipitation in the purification and preparation of
PuQ, is well established, beginning with pioneering work and practice at Hanford and continuing to
commercial processes for the preparation of PuO, (Harmon et al. 1961; Weigel et al. 1986 and references
therein; Greintz and Neal 1976). In this section, Pu(IV) oxalate process chemistry is described briefly in
light of the input CML solution composition and the constraints of PFP equipment and practices. Special
note is taken of the relatively high solubility of uranium(VI) oxalate compared with Pu(IV) oxalate and the
prospective exploitation of this difference to effect a selective precipitation and separation of plutonium
from CML solutions.

In typical plant conditions used to precipitate Pu(IV) oxalate, hydrogen peroxide is added to the feed
solution or precipitation vessel to chemically reduce any plutonium present as the more soluble hexavalent
(VI) state to the desired less soluble (IV) state. Both batch and continuous precipitation processes have
been used with direct strike (oxalic acid, H,C,Oy4, solution added to plutonium solution), reverse strike
(plutonium added to oxalic acid), or concurrent addition of the separate plutonium and oxalic acid streams
to a precipitation vessel. Feed solutions range from 5 to 250 g Pu/L in 1 to 5 M HNO;. To aid crystal
growth, the precipitation generally is conducted at elevated temperatures (e.g., 40 to 60°C) with oxalic acid
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introduced as a concentrated (~1 M) solution to give 0.1 to 0.2 M excess H,C,0y, in the slurry. Oxalic acid
concentrations too much in excess of the stoichiometry increase the solubility of plutonium by forming
soluble, higher-Pu(IV) oxalate complexes [e.g., Pu(C,04);”; see Reas 1949]. Digestion times at the ele-
vated temperatures range from about 0.5 to 1 hour before the solids are filtered from solution and the
filtercake washed with dilute (~0.05 M) oxalic acid in ~2 M HNOj; to remove interstitial impurities.
Filtrates typically are 30 to 60 mg Pu/L or 1.2-2.5x10™* M Pu under process conditions.

The PFP converts plutonium present in concentrated solutions for packaging and storage as PuO, using
the Pu(IV) oxalate precipitation process. In contrast with typical plutonium oxalate and PuO, production
operations, product purity and crystal quality are of secondary concern in present PFP operations, while
higher throughput, lower operator dose, and low plutonium loss to the filtrate remain important. For proc-
ess simplicity and to conform with existing process equipment (6-inch-diameter glass columns) installed
originally for plutonium precipitation using magnesium hydroxide powder reagent, Pu(IV) oxalate precipi-
tation at PFP is performed by adding oxalic acid crystals (not solution) directly to the plutonium feed
solution. The spectrophotometric analysis reported in the previous section confirmed the expectation that
water radiolysis (with concomitant generation of hydrogen peroxide during long-term storage of the CML
solution) had caused the plutonium to become exclusively tetravalent. Therefore, adjustment of plutonium
valence by hydrogen peroxide addition is judged to be unnecessary. The mixture of plutonium feed solu-
tion and oxalic acid crystals is stirred by air sparge from the column bottom caused by applying a vacuum
to the top of the column. No solution heating (or cooling) is provided in the existing design. After the
desired agitation time, the product slurry is drained through a pan filter (a glazed polypropylene felt filter is
used) to collect the Pu(IV) oxalate filtercake. Though the Pu(IV) oxalate cake may be rinsed with water on
the filter pan in case undesirable interstitial contaminants must be removed, rinsing ordinarily can be
avoided to decrease dose and process time. The moist slurry is manually scraped into metal boats for sub-
sequent drying on a hotplate and calcination to satisfy DOE-STD-3013 criteria while the filtrates pass
through a secondary filter and are analyzed; if of suitably low concentration, they are made alkaline with
sodium hydroxide, with sodium nitrite added as a corrosion inhibitor, and discharged to the Hanford
underground tank farm waste system.

Each mole of Pu(IV) nitrate reacts with two moles of oxalic acid and six moles of water to produce one
mole of Pu(IV) oxalate hexahydrate and four moles of nitric acid:

PU(NO3)4 (aq) +2 H2C204 (aq) +6 HZO —> PU(C204)2'6H20 (s) +4 HNO3 (aq)

Therefore, the complete precipitation of 50 g Pu/L (~0.21 M Pu) will increase HNO; concentration by
about 0.84 M.

The precipitation of U(VI) nitrate with oxalic acid proceeds according to the reaction:
UOQO\IO3)2 (aq) + H2C204 (aq) +3 Hzo e d U02C204‘3H20 (s) +2 HNO3 (aq)-
The solubility of the uranyl oxalate (UO,C,04:3H,0) is about 100 times higher than that of Pu(IV)
oxalate [Pu(C,0,),-6H,0]. For example, at 2 M HNO;, the uranium concentration above a uranyl oxalate

precipitate is ~11 g/L (based on Chernyaev 1966), while the plutonium concentration above a Pu(IV)
oxalate precipitate is 0.128 g/L (Mandleberg et al. 1961). The solubilities are compared in Figure 2.
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Figure 2. Solubilities of Pu(IV) Oxalate and U(VI) Oxalate in Nitric Acid Solution
(Mandleberg et al. 1961; Chernyaev 1966)

The boric acid (H;BOs) present in the CML solutions is not expected to precipitate with any of the
solution components and should only accompany the filtercake as part of the interstitial liquid. Gadolinium
is present in the acidic CML solutions at about 0.54 g Gd(III)/L (~0.0034 M compared with ~0.33 M Pu
and ~0.76 M U). The solubility of Gd(III) oxalate [Gd,(C,04); -10H,0] is about 0.001 M in 2 M HNO; and
0.00026 M in 2 M HNO5/0.1 M H,C,0y; the solubility increases with increasing HNO; concentration
(Sarver and Brinton 1927). Based on these solubilities, coprecipitation or carrier precipitation of Gd(III)
with Pu(IV) oxalate is likely.

Based on the data shown in Figure 2 and assuming chemical equilibrium is reached, uranyl oxalate
should not precipitate to a large extent if the quantity of oxalic acid is limited to that just required to
precipitate the less soluble Pu(IV) oxalate (i.e., just over a 2:1 oxalate:Pu ratio). However, uranium is
present in high concentrations in the CML solution, and mass action effects may initially cause unwanted
precipitation of uranyl oxalate, even at low oxalate:Pu ratios. Therefore, the precipitation kinetics and
relative labilities of the respective plutonium and uranium oxalate precipitates may affect product quality
and must be investigated. It also is recognized that uranyl oxalate may precipitate by evaporative concen-
tration during the hotplate heating of the Pu(IV) oxalate filtercake that contains uranyl nitrate and excess
oxalic acid in the interstitial solution. In addition, because of imprecise analytical data and variable process
line holdup volumes, knowledge of the plutonium quantity being delivered to the PFP precipitation process
vessels may not be accurate enough (£5% relative) to permit selective and complete Pu precipitation with
no accompanying uranium precipitation. Therefore, to avoid the inordinate loss of Pu to the filtrate and the
consequential required recycling, process operations might require a stoichiometric overdose of oxalic acid.
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Because these conditions may cause limited uranyl oxalate precipitation, testing must include the
preparation and properties of products from super-stoichiometric oxalate:Pu ratios.

In summary, the primary objective of the laboratory precipitation testing was to investigate the relative
differences in the solubilities of the Pu(IV) and U(VI) oxalates with the objective, ideally, of precipitating
the less soluble Pu(IV) oxalate completely while leaving the more soluble U(VI) oxalate in solution. Ex-
amination of the reaction stoichiometries and process conditioning factors suggest that the testing should be
done at oxalate:Pu mole ratios ranging from just below the stoichiometric 2:1 to higher values. In addition
to the oxalate:Pu ratio, the effects of acid concentration and mixing time should be explored using solid
oxalic acid addition and reaction at ambient temperatures based on existing PFP precipitation equipment
and practices.

2.4 Calcination and Moisture Uptake Chemistry

Plutonium oxide produced from solution stabilization efforts at the PFP must satisfy the criteria for
long-term storage under DOE-STD-3013-2000 (DOE 2000). For optimum plant utilization, thermal proc-
essing should occur in the RMC line, which is subject to the ambient humidity of the PFP. Because the
PFP uses evaporative cooling in the hot summer months, RH of 70% or more can be reached. However,
thermal stabilization operations in the RMC line are administratively controlled so as not to occur if the RH
exceeds 60%. Furthermore, a value of 0.2 wt%, ascribed to water, is added to weight losses found by LOI
measurement at the PFP. This so-called “LOI bias” of 0.2 wt% is applied to account for moisture uptake
on pure plutonium dioxide occurring during the period from the end of mandated two-hour heating at
1000°C until weighing, when the LOI sample was cooled to room temperature. The “LOI bias” value is
based on a survey of the technical literature that showed that moisture uptake by pure plutonium dioxide
calcined above 900°C is less than 0.16 wt% if exposed to air during cooling at RH below 72%.® The ex-
pected behaviors of CML oxalate precipitation constituents during calcination and subsequent moisture
uptake of the calcine constituents by exposure to humid air are considered in this section.

Plutonium(IV) oxalate [Pu(C,0,),"6H,0] is the primary product of the CML solution precipitation step.
The Pu(IV) oxalate undergoes two dehydration steps by heating before final decomposition to the product
Pu(IV) oxide, PuO, (Myers 1956). Thus, with heating, Pu(C,0,),-6H,0 loses five waters of hydration at
about 80°C to form Pu(C,0,),-H,O, which then decomposes to Pu(C,0,), at 80—150°C. In this decompo-
sition, the dry Pu(IV) oxalate produced following dehydration is reduced to Pu(Ill) oxalate [Pu,(C,0,);]
accompanied by the oxidation of oxalate to form carbon dioxide (CO,):

Pu(C204)2 — 0.5 Pllz(C204)3 + C02
The Pu(Ill) oxalate ultimately decomposes to PuO, with the release of CO, and carbon monoxide (CO):

0.5 PUZ(C204)3 e d PUOZ + C02 +2CO

(a) Barney GS. June 21, 2001. Internal letter I ACO0-PPSL-01-030 to LF Perkins Jr, “Bias Correction for LOI
Measurements on Relatively Pure PuO,.” Fluor Hanford Incorporated, Richland, WA.
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The decomposition of anhydrous Pu(IV) oxalate to Pu(IIl) oxalate begins at 130—150°C. In addition to
thermal decomposition, the Pu(IIl) oxalate reacts rapidly and exothermically with air or oxygen beginning
at about 150 to 200°C to form PuQO,. The cake bed temperature can increase by several hundred degrees
because the carbon monoxide produced in the decomposition reaction:

2CO0+0,—>2CO0O,

burns with oxygen (O,). As discussed in the previous section on precipitation reactions, uranyl oxalate
(UO,C,04 3H,0) should not precipitate to a large extent in the PFP precipitation reactor if the quantity of
oxalic acid is limited to that required to precipitate the less soluble Pu(IV) oxalate (i.e., around a 2.1-2.3
oxalate:Pu ratio), but higher oxalate ratios may be used in plant processing, and interstitial uranyl nitrate
and excess oxalic acid were precipitated during the hotplate heating of the Pu(I'V) oxalate filtercake.

The thermal decomposition of UO,C,04-3H,0 has been studied both in the presence and absence of
oxygen gas or air (e.g., Bressat et al. 1963; Tel et al. 1999). The loss of two waters of hydration occurs
above 100°C, and loss of the third water occurs at about 170°C. The thermal decomposition of the anhy-
drous uranyl oxalate occurs at 365°C in air (Tel et al. 1999), apparently to form UQO,, as judged by the
observed 34.52% weight loss (34.36 wt% theoretical) in ~20-mg scale thermogravimetric analysis (TGA).
Thermal decomposition to UO, also was observed in vacuum and under nitrogen gas (N,) atmosphere in
the earlier tests (Bressat et al. 1963). Dehydration occurs at lower temperatures under vacuum than in air;
the loss of the first two waters of hydration occurs below 100°C and the third begins at about 120°C. In
this earlier study, exothermic decomposition of the anhydrous uranyl oxalate to UO, in air was observed at
367°C. However, the UO, intermediate is transitory and quickly forms U;Og with further heating in air.

Uranyl nitrate, dissolved in the interstitial liquid of the filtercake, crystallizes at low temperature to
form the hexahydrate salt [UO,(NOs),-6H,0]. This salt begins to lose water at 46°C (Duval 1963),
decomposes in air to reach y-UOs; at about 400 to 600°C (Weigel 1986), and converts to U;Og above 760°C
(Brouns and Mills 1955; Duval 1963; Vita et al. 1973).

Pure triuranium octaoxide (U;Og) is the chemical weighing form for uranium formed in gravimetric
analyses by ignition of most uranium organic compounds and inorganic salts. Its preparation and stability
is discussed in analytical chemistry texts (e.g., Kolthoff et al. 1962 and references therein) and, as described
in the previous paragraphs, would be expected to form by calcination of any uranyl nitrate or uranyl oxalate
present in the CML product filtercake to temperatures around 800°C. At temperatures above ~800°C, some
loss of oxygen occurs to produce sub-stoichiometric U;Og., but cooling in air restores the ideal U;Og
stoichiometry. Kolthoff and colleagues (1962) recommend ignition at 875+25°C for 16 hours for gravi-
metric analyses of uranium. They also note that the National Bureau of Standards (now the National
Institute of Standards and Technology) recommends ignition of their provisional standard U;Og in platinum
at 900°C for one hour before use because “finely divided U;Og slowly absorbs small quantities of water
from the atmosphere.” Recently, Icenhour and colleagues (2002) have studied weight uptake rates and
amounts on U;Og [prepared by overnight 650°C calcination of uranyl nitrate and identified by X-ray
diffractometry (XRD)] under high humidity conditions. Moisture uptakes of 1 wt% at 70% RH were found
after about 30 days. Their results are considered in more detail later in this report.

Boric acid would be expected to accompany the Pu(IV) oxalate precipitate as part of the interstitial
liquid. Boric acid thermally decomposes at about 300°C to form the vitreous (non-crystalline) boric oxide,
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B,0; (Greenwood and Earnshaw 1984). The crystalline form of B,O3; melts at about 450°C but, because it
does not boil until about 2250°C, should remain as a melt with the PuO, (and accompanying U;Og and
Gd,0;) product under calcination conditions. No data were found in the technical literature identifying
specific compounds of plutonium, boron, and oxygen. Instead, it is expected that B,Os3, known to act as a
fluxing agent for chemical analyses to break down refractory materials for subsequent dissolution in
aqueous media (Bock 1979), will act as a solvent for the refractory PuO, to form a borate glass upon
cooling. Though pure boric oxide is hygroscopic and may suffer significant moisture uptake on cooling in
humid atmospheres, the hygroscopicity of any possible B,05;-PuO, glass and its effect on stabilizing the
CML solutions in the humid RMC glovebox line remain to be determined.

Assuming a Pu oxalate filtercake density of 1.9 g/mL (as measured in FY 2001 lab studies of vacuum
filtration), a Pu density in the cake of 0.37 g/mL (also measured in FY 2001 studies), a 0.35 solution
volume fraction in the filtercake, and a boron concentration of 1.04 g/L,(a) the mole ratio of Pu:B in the
moist filtercake would be about 45:1, or a mass ratio of about 1000:1. The distribution of B,O; on the
calcined PuQO, particles at such low ratios is unknown. However, it is possible that the hygroscopicity of
B,0; would worsen on a gram-by-gram basis because the B,O; could form a film on the PuO, particle
surfaces. Under these nominal conditions, if the B,O; distributed on the PuO, surface were to fully
rehydrate to form H;BOs;, the water content of the resulting PuO,-H;BO; mixture would be about
0.22 wt%, or about half of the 0.5-wt% 3013 threshold.

Under the same gravimetric and plutonium densities in the filtercake and with the uranium concentra-
tion in the supernatant (and interstitial) solution being 112 g U/L, the Pu:U mole and mass ratios would be
about 9.4:1 in the moist filtercake assuming no uranyl oxalate precipitation. If the moist filtercake then
were dried and calcined without rinsing, the plutonium mass fraction in the thermally stabilized solid
arising from selective precipitation of Pu(IV) oxalate (i.e., no uranium oxalate precipitation) and its sub-
sequent calcination would be about 80 wt% (versus about 88 wt% for pure PuO,). As described above, the
interstitial uranyl nitrate solution would dry and calcine to form U;Og to give a uranium concentration in
the calcine of about 7 wt% or a U;Og concentration of about 10 wt% in the product calcine oxide.

The Gd(II1) oxalate [Gd,(C,04);-10H,0] is expected to accompany or coprecipitate with the Pu(IV)
oxalate. With heating, the Gd(I1I) oxalate dewaters at about 180°C and decomposes to the sesquioxide,
Gd(1IT) oxide or Gd,O3, at about 700°C in the cubic structure (Gmelin 1974). The cubic structure is stable
to about 1200°C. Highly fired Gd(II) oxide is not as strongly hygroscopic as the lighter lanthanide oxides.
For example, Gd,0; fired to 1300°C does not react with boiling water (Curtis and Johnson 1957). Over
one or more years’ exposure to humid air, heavier lanthanide sesquioxides (firing temperature not
specified) only incompletely pick up moisture and CO, and retain the cubic phase (Bernal et al. 1987). If
all of the Gd in the CML solution were to precipitate as the oxalate and report to the filtercake, be calcined
to Gd,0s, and subsequently acquire moisture to form Gd(OH);, the weight uptake of the Gd-bearing PuO,
calcine would be about 0.1 wt%.®

(a) —ePu/L(finallPu]) W o B/l —104gB/L
a . =1.
80 ¢ Pu/ L (initial [Pu]) g &
(b) 0.0034 moles Gd/L mole Pu y 1 mole Gd(OH)3 y 1.5 moles H,O y 18g H,O < 100% = 0.1 wiv%

X
0.33moles Pu/L  271g PuO, mole Gd mole Gd(OH); mole H,O
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The effects of interstitial liquids containing nitric acid (HNO3) and oxalic acid (H,C,04) on the drying
and especially the calcination of Pu(IV) oxalate cake and associated U(VI) oxalate/nitrate are not known.
Nitric acid and oxalic acid should not affect the oxidation/reduction behaviors of the gadolinium and boron
oxides that are expected to remain in their respective highly stable (III) oxidation states. It is postulated
that most of the HNOj; solution will evaporate before the HNO; (a potent oxidant) can participate sig-
nificantly in the thermochemical decompositions of the Pu(IV) and U(VI) oxalates. The H,C,0Oy, is not as
volatile as HNOs; heating of the solution would first crystallize the dihydrate, H,C,04-2H,0, by evapora-
tion of water. The dihydrate then dehydrates at about 102°C. Anhydrous oxalic acid begins to sublime at
157°C and decomposes to CO and CO, at about 190°C. The excess oxalic acid thus might act to inhibit the
oxidation of Pu(IlI) oxalate or of the intermediate UO, by blanketing these compounds from contact with
O,, but ultimately PuO, and U;0g will form provided sufficient air contact is achieved for the U;Os.
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3.0 Precipitation Testing

The effects of oxalate:Pu ratio, acid concentration (which may be controlled by varying the strength of
the acid used to dilute the feed CML solution), and precipitate digestion time on the relative precipitations
of Pu(IV) and U(VI) oxalate were studied to identify the optimum conditions for process operations. Ana-
lyses also showed the behavior of americium(III) during the precipitation. The possible influence of boron
and gadolinium on Pu(IV), Am(IlI), and U(VI) precipitation was investigated. To imitate plant operations,
the precipitation testing occurred at room temperature, and the oxalic acid was introduced as the solid. The
testing showed that precipitation occurred in the order Pu(IV) - Am(III) - U(VI) as the oxalate:Pu ratio
increased and that plutonium recoveries improved with lower nitric acid concentrations. Most importantly,
at controlled oxalate:Pu ratios, plutonium could be precipitated selectively even in the presence of high
uranium concentrations.

3.1 Test Descriptions

The precipitation tests with the simulant CML solution were performed at PNNL, and the tests with
dilutions of the genuine CML solution were conducted at the Plutonium Process Support Laboratory
(PPSL) of the PFP. The precipitation tests and analyses were performed differently in the two laboratories
but, as will be seen, the results generally are consistent.

3.1.1 Tests with Simulant CML Solutions

The simulant CML test solutions were prepared using the stock Pu(I'V) nitrate solution, reagent grade
uranyl nitrate hexahydrate [UO,(NO;),-6H,0], and reagent grade nitric acid (HNO;) to produce the final
target compositions shown in Table 2. To prepare the test solution containing boron and gadolinium,
reagent grade boric acid (H;BO3) and gadolinium nitrate [Gd(NO;);-6H,0] also were used.

The precipitation tests were conducted using glass “1-dram” (~5 mL total capacity) vials. Each vial
contained an x-shaped Teflon-coated magnetic stirrer. The appropriate quantity of air-dried oxalic acid
dihydrate (H,C,04-2H,0), obtained from the PFP and the same 99.5% pure reagent material used in oxalate
precipitation operations (GFS Chemicals, Inc.), was added to each test vial. The CML simulant tests in
1.14 M HNOs; were conducted at oxalate:Pu mole ratios of 1.75:1, 2.01:1, 2.19:1, 2.62:1, and 3.50:1 (versus
2.00:1 oxalate:Pu stoichiometry). In all other CML simulant tests (run at 1.50, 2, and 3 M HNOs),
oxalate:Pu ratios were 2.01:1, 2.25:1, 2.5:1, 2.75:1, and 3:1.

After the weighed portions of dry oxalic acid were added, the vials were placed in the glovebox,
2600 pL of the appropriate test solution added, and the oxalic acid/solution mixture was stirred at the
highest rate for 30 minutes. The oxalic acid suspended efficiently in the yellow-olive U/Pu solution, and
high shear was achieved using this technique. Even with effective mixing, about 1-2 minutes passed until
the distinct onset of a latte-colored turbidity indicating Pu(IV) oxalate precipitation. From that point, the
color and granularity of the precipitate slurry did not change visibly with time. However, oxalic acid
dissolution and dispersion were noticeably retarded for the tests run in 3 M HNOs;,.
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After 30 minutes of stirring, the vials were centrifuged for two minutes, a 700-uL aliquot of the
supernatant solution withdrawn,® and the remaining slurry re-agitated using the magnetic stirrer. The
mixing was continued another 30 minutes and the sampling process repeated. Another sample was taken in
a similar way after an additional 30 minutes’ agitation. Samples thus were taken after 30, 60, and
90 minutes of contact. The supernatant aliquots were removed from the glovebox within five minutes of
sampling, transferred to an open-face fume hood, and passed through 0.2-um pore size syringe filters to
achieve final clarification.

The absorption spectra of the filtered supernatant solutions were measured using a dip-tube fiberoptic
spectrometer (Spectral CCD Array, Spectral Instruments Inc., Tucson, AZ), with reference spectra taken
using pure nitric acid of the same concentration. Spectra generally were gathered in the 400 to 900 nm
range. The absorbance peaks [505 nm for Am, 660 nm for Pu(IV), and the U(VI) shoulder near 460 nm]
were measured against “valleys” (absorption minima) to determine net absorbance. The absorbance values
were converted to concentrations using the Beer-Lambert Law and, where available, published values of
molar absorptivity (for Pu and U) (Schmieder and Kuhn 1972). Additional investigations were performed
to determine the effects of oxalate on the U(VI) and Pu(IV) spectra shapes and intensities and were used in
assigning concentration values.

The spectra for the 2 M HNO;j test series, shown for illustration in Figure 3, indicate the decrease in
intensity of the absorption peaks as the oxalate:Pu ratio increases.

3.0
) ——2.00 M HNO3 - 2.01 Ox:Pu - 90 min
2.8 ——2.00 M HNO3 - 2.25 Ox:Pu - 90 min
—2.00 M HNO3 - 2.50 Ox:Pu - 90 min
26 ——2.00 M HNO3 - 2.75 Ox:Pu - 90 min
94 —2.00 M HNOS3 - 3.00 Ox:Pu - 90 min
’ Note: absorbances decrease monotonically
2.2 with increasing Ox:Pu ratio.
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Figure 3. Absorption Spectra of Simulant Critical Mass Laboratory Solution
Precipitation Tests in 2 M HNO; as a Function of Oxalate:Pu Ratio
(note: spectra intensities decrease with increasing oxalate:Pu ratio)

(a) In certain tests with higher oxalate:Pu ratios and consequent uranyl oxalate precipitation, the withdrawn solution
volumes sometimes were less than 700 pL to prevent solids removal.
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Confirmations of Pu and Am concentrations in selected solutions were performed by gamma non-
destructive analysis. Confirmations of Pu and U concentrations in other solutions, treated to destroy
oxalate and oxidize all Pu to its hexavalent state, also were performed. By this technique, the spectro-
photometric effects caused by oxalate complexation were eliminated and the sensitivity for plutonium
analysis increased by using the Pu(VI) absorption peak at 831 nm instead of the Pu(IV) absorption peak at
660 nm. The chemical oxidation to form Pu(VI) and destroy the oxalate was performed by overnight
heating to ~100°C of an equal-volume mixture of supernatant test solution and concentrated (~15.9 M)
HNO;. These solutions also were made ~0.05 M Mn(NOs), with the Mn(Il) acting as an oxidation catalyst.
After oxidation, the solutions were brought to ~3 M HNO; by dilution with 0.16 M HNO; and the absorp-
tion spectra measured. Spectra of a test solution before and after this treatment are compared in Figure 4.
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Figure 4. Absorption Spectra of Oxalate Precipitation Supernatant Solution Before and
After Mn-Catalyzed Oxidation to Pu(VI) and Oxalate

3.1.2 Tests with Genuine CML Solution

Precipitation tests of dilutions of a genuine CML solution were performed under somewhat different
conditions than the tests for the simulant CML solutions. First, dilutions in ratios of 1:1, 1:2, and 1:3 in
terms of volume CML starting solution and volume of 0.5 M HNO; diluent were prepared. Other tests
having plutonium concentrations near 50 g/L and 1.33 M HNO; were prepared by water dilution of the
starting CML solution. Samples (50 mL) of the selected dilutions were transferred to centrifuge tubes for
precipitation testing. As in the simulant tests, the tests with genuine CML solution used the same oxalic
acid as used in the plant. The oxalic acid was added as the solid to the 50-mL aliquots at oxalate:Pu ratios
ranging from about 1.2:1 to 14:1 (with the higher ratios used for the more diluted CML test solutions). The
capped centrifuge tubes were shaken, allowed to stand for at least 30 minutes, shaken again, and then
centrifuged. The unfiltered supernatant solutions were collected for analysis. The Pu and Am concentra-
tions were determined by a gamma spectrometric technique. The U concentrations were determined by a
time-resolved laser fluorometric technique.
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3.2 Results for Small-Scale Tests with Simulant CML Solution

The results of the simulant CML solution precipitation tests conducted at 1.14, 2, and 3 M HNO; (i.e.,
those tests without added boron and gadolinium) and 90-minute agitation times are shown in Figures 5, 6,
and 7, respectively. For each of these figures, an optimum range of oxalate:Pu ratio is indicated, usually
between about 2.1:1 and 2.3:1, showing where plutonium precipitation is virtually complete without
accompanying uranium precipitation. Americium precipitation extent is intermediate between that of
plutonium and uranium.

Results of oxalate precipitation tests in 1.5 M HNO; simulant CML solutions containing boron and
gadolinium are shown in Figure 8 for 90 minutes’ agitation. Additional points at 2.25:1 and 2.75:1
oxalate:Pu mole ratios were obtained for tests conducted under the same conditions but performed with
about five times higher scale and 60 minutes’ contact time. These larger-scale tests were used to produce
oxalate cakes for thermal treatment and moisture uptake studies but gave filtrate concentrations near those
observed for the smaller scale tests.

Again, a window for processing is indicated showing where plutonium precipitation is virtually com-
plete without accompanying uranium precipitation (and again with intermediate americium precipitation).
However, this processing window is narrower than in the tests without the boron and gadolinium. The line
following plutonium behavior shows “complete” precipitation (i.e., x-axis intercept) at an oxalate:Pu ratio
of about 2.1:1. This value is identical to those observed for the three test series without boron and gado-
linium (Figures 5, 6, and 7). In contrast, the apparent onset of uranium precipitation occurs at a ratio near
2.2:1 for the tests with boron and gadolinium but at 2.3-2.45:1 for the tests without boron and gadolinium.
The narrowing that occurs entirely by decrease of oxalate required for the onset of uranium precipitation
suggests that perhaps borate is involved in the uranium oxalate precipitate.
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Figure 5. Extent of Uranium, Plutonium, and Americium Precipitation
at 90 Minutes as a Function of Oxalate:Pu Ratio in 1.14 M HNO;
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Figure 8. Extent of Uranium, Plutonium, and Americium Precipitation at 90 Minutes as
a Function of Oxalate:Pu Ratio in Simulant 1.5 M HNO; CML Solution
Containing Trace B and Gd

The concentration data from all simulant CML precipitation tests are plotted in Figure 9. This com-
parison reiterates the finding that plutonium can be selectively precipitated away from uranium using oxalic
acid reagent.
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Figure 9. Extent of Uranium, Plutonium, and Americium Precipitation as a Function
of Oxalate:Pu Ratio in All Simulant CML Solution Tests
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Also shown in Figure 9 is a slight decontamination of Pu(IV) from contained in-grown Am(III)
observed at intermediate oxalate:Pu ratios in these batch precipitation tests (e.g., the decontamination
factor, DF = 2 at 2.25 oxalate:Pu). Limited decontamination of Pu from Am (DF = 1.2) was found in batch
tests in which the oxalic acid solution was added over a period of time to the Pu nitrate solution (Harmon
and Facer 1953). However, no decontamination of Pu from Am (DF = 1) was observed in prior plant
operations performed under continuous precipitation conditions (see, for example, Harmon et al. 1961). It
is thought that the difference in Pu decontamination from Am between the recent batch tests and former
plant operations is related to the comparative availabilities of free oxalate in the two processes and the
phenomenon of coprecipitation.

Thus, in the former plant operations, separate solution streams of Pu/Am and oxalic acid were added
concurrently. Under such conditions, the required stoichiometric molar excess of oxalate:Pu (>2:1) was
constantly maintained. In contrast, for the recent batch precipitation testing, the oxalate was added as solid
oxalic acid and stoichiometric excess in solution was not attained until the precipitation reactions were near
completion. Therefore, in the plant operations, conditions were ideal for carrier precipitation of the trace
Am oxalate with the much higher amounts of Pu oxalate. Oxalate concentrations were sufficiently high at
all times to exceed the solubilities of both the Pu oxalate and the Am(III) oxalate. Any trace amount of
precipitated Am(III) oxalate or Am(III) sorbed on the forming Pu(IV) oxalate crystals would be carried
(captured and occluded) by the vastly superior quantities of precipitating Pu(IV) oxalate.

In contrast, in the recent batch precipitation testing, the oxalate was released relatively slowly to the
solution by dissolution of the oxalic acid. As the oxalate was released to solution, it would precipitate first
with the high concentration Pu(IV) (initially ~50 g Pu/L versus ~0.1 g Am/L) according to the solubility of
Pu(IV) oxalate. The solubility of the Am(III) oxalate could not be exceeded until much of the Pu was
precipitated and the free oxalate solution concentration could increase. As the Pu concentration decreased
to be near that of the Am, it is likely that some coprecipitation occurred, judging by the observed Pu/Am
precipitation behaviors. The equilibrium solubility of Pu(IV) oxalate [Pu(C,04),-6H,0; Mandleberg et al.
1961] is comparable to or lower than that of Am(III) oxalate [ Amy(C,04);-10H,0; Burney and Porter 1967]
at nominal end point conditions. For example, at 0.1 M oxalic acid in 2 M HNOs, the solubility of the Pu
salt is ~12 mg Pu/L, and the Am salt is ~400 mg Am/L. In 0.1 M oxalic acid in 1 M HNOs3, the solubilities
are ~20 mg Pu/L and ~25 mg Am/L.

The plutonium concentrations in the filtrate solutions arising from the simulant CML testing are shown
in Figure 10. Over the range of conditions studied, the plutonium concentrations decrease with increasing
oxalate:Pu ratio and with decreasing acid concentration. The boron and gadolinium in the tests with 1.5 M
HNO; do not affect these general trends. Based on these findings, it can be recommended that the CML
solution be diluted to create Pu concentrations just below 50 g/L to achieve the highest throughput rates
while using the lowest possible acid concentration to minimize Pu losses to the filtrate.

Americium concentrations in the filtrate from the simulant CML tests are plotted in Figure 11. The
trends of decreasing Am concentration with increasing oxalate:Pu ratio and decreasing HNO; concentra-
tions are similar to those observed for Pu, though the 1.5 M HNOs; test series with added B and Gd departs
slightly from the trend for acid concentration dependence (Am being more soluble) observed in the 1.14, 2,
and 3 M HNO:; tests.
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3.3 Modeling Results from the Precipitation Testing

The complexation and precipitation of Pu(IV) and U(VI) with oxalate have been examined in numerous
studies. With these data and the appropriate thermodynamic modeling software, characteristics of Pu(IV)
and U(VI) speciation and precipitation from solution by oxalate can be predicted. The latest version of the
Hyperquad Simulation and Speciation software (HYSS2) (Protonic Software) was used to generate specia-
tion diagrams for the many species present in the Pu(IV)/U(VI)/H,C,0, system in HNOj; and to fit the
observed experimental results. Because H,C,0, is used to precipitate Pu(IV), the protons associated with
the oxalic acid are released into solution, raising the solution acidity, when the metal-oxalate complexes
and precipitates form. As noted previously, the precipitation of 50 g Pu/L will increase HNO; concentra-
tion about 0.84 M. Though the HYSS2 software is used to generate speciation diagrams at constant ligand
concentration as a function of acidity, it also can determine species at constant acidity with varying ligand
concentration, a condition corresponding more closely to the present system. However, the simultaneous
variation of the two parameters (acidity and total ligand concentration) is beyond HYSS2 capabilities.
Modeling, therefore, was performed presuming a constant 1.5 M HNO;.

The complexation of U(VI), UO,*", with oxalate has been described at 1.0 M ionic strength (Havel
1969) and the formation constants of mono-, di-, and tri-oxalato complexes with UO,*" judged to be self-
consistent and reliable. Plutonium(IV) forms much stronger complexes with oxalate (Hindman 1954) than
does UO,*" such that mono-, di-, tri-, and even tetra-oxalato complexes are reported. The tetra- complex,
however, is observed only at near-neutral pH with high C,0,* concentrations and is not favored in acidic
media where protonation decreases the free ligand concentration substantially.

The reported solubility products (Ks,) for Pu(C,04),:6H,0 and UO,C,04-:3H,0 were measured by
dissolving crystalline solids in mixtures of nitric and oxalic acids (Gel’man et al. 1962). In plant proc-
essing and in the present experiments, however, Pu(IV) and U(VI) oxalates would be less crystalline,
forming from initially homogeneous solution with little time (1-2 hr) for crystal growth and aging
(ripening). Thus, because the approach to equilibrium in crystallization is slower than that in complexa-
tion, and the time to crystallization equilibrium inadequate, the solubility products of the solid metal-
oxalate compounds are more likely to give an incorrect view of the plant process dynamics. For this
reason, the Ky, literature data were used cautiously to model the observed precipitation efficiency of U(VI)
and Pu(IV) by oxalic acid.

Preliminary calculations using the HYSS2 software showed that the literature values of K, led to un-
realistically low predicted Pu(IV) solution concentrations. Contrary to lab findings, the calculations also
indicated that U(VI) oxalate should begin to precipitate immediately upon exceeding the 2:1 (oxalate:Pu)
Pu(C,04),:6H,0 mole ratio. Therefore, a series of more realistic, gradually increasing approximations of
Pu(C,04),°6H,0 and UO,C,04-3H,0 K, were made in simulation calculations to identify the best corres-
pondence between the calculated and observed residual Pu(IV) and U(VI) concentrations. The combina-
tion of K, of -20.5 and -8 for Pu(IV) and U(VI) oxalate, respectively, was found to best describe the
measured data.

The modeled results obtained for the precipitation of 0.2 M Pu(IV) (47.8 g Pu/L) and 0.45 M U(VI])

(107.1 g U/L) in 1.48 M HNO; with oxalate as the oxalate:Pu ratio increases are shown in Figure 12. The
modeled results are compared with the observations made with the 1.5 M HNO; test findings and agree
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Figure 12. Modeled and Observed Extent of Uranium and Plutonium Precipitation as a
Function of Oxalate:Pu Ratio in 1.5 M HNO;

well with measured results. They also indicate that because of formation of the soluble Pu(C,0,)*"
complex plutonium precipitation will not begin until a 0.5:1 oxalate:Pu mole ratio is attained.

3.4 Results for Small-Scale Tests with Genuine CML Solution

Tests of oxalate precipitation with various dilutions of genuine CML solution were performed at the
PPSL. Results of the tests with the genuine CML solution are plotted in Figure 13 and compared with
results of the tests performed with the simulant CML solution. Two of the 27 tests with genuine CML gave
anomalously high U/Pu/Am concentrations, and the scatter in the uranium concentrations seems to be high
(likely because of the error caused by the multiple dilutions of the concentrated solution required for the
highly sensitive laser fluorometric technique). Though the overall trends, particularly for Pu, match the
trends observed for the tests with simulant CML solutions, some tests in the 2:1-3:1 oxalate:Pu ratio range
have ~20% U precipitation and correspondingly high Pu solution concentrations. These findings might be
explained by the relatively gentle test agitation that did not allow the uranyl oxalate formed initially under
mass action conditions to re-dissolve and yield its oxalate to precipitate the Pu. The agitation shear rate
provided by air sparging in the actual plant operations likely lies between the rapid magnetic stirring used
in the simulant CML solution tests and the intermittent shaking used in the genuine CML solution tests.
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3.5 Principal Findings from the Precipitation Testing

The proposed flowsheet conditions can be inferred from the overall precipitation test findings:

o Under proper conditions, plutonium(IV) can be selectively precipitated away from uranium(VI) with
oxalic acid. The selective precipitation dramatically decreases the resulting precipitate volume to allow
increased process throughput, decreased worker dose, and decreased product bulk for the PFP.

o The ideal oxalate:Pu ratios (with >98% Pu but no U precipitated) are ~2.1-2.3 at 1.14 M HNO;,
~2.1-2.4 at 2 M HNO;, ~2.1-2.3 for 3 M HNO; tests, and ~2.1-2.2 for the 1.5 M HNOj tests with
added boron and gadolinium.

o In the small-scale simulant CML tests, digestion time (30, 60, 90 minutes) had little effect on the extent
of precipitation except that oxalic acid dissolution is noticeably slower and Pu oxalate precipitation less
at 30 minutes in 3 M HNO;. Similar plutonium precipitation behaviors usually were observed in tests
with the genuine CML solution using less vigorous agitation and 30-minute digestion times. However,
a few instances were observed that suggest this less-vigorous agitation was inadequate to redissolve the
initially precipitated uranyl oxalate to release oxalate for plutonium precipitation. Because plant
agitation rates likely lie between the two laboratory rates, at least 30 minutes’ agitation and perhaps 60
minutes are suggested for initial plant operations. The digest time may be modified based on plant
operating experience.

¢ Plutonium losses to the filtrate (and subsequently to the waste storage tanks) increase with acid
concentration; Pu losses decrease with increasing oxalate:Pu ratio.

e Americium concentrations in the filtrate also increase with acid concentration and decrease with
increasing oxalate:Pu ratio.

o The fractional extent of americium precipitation is between those of uranium and plutonium.
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e Limited decontamination of Pu from Am is achieved under batch conditions, but the decontamination
decreases with increasing oxalate:Pu ratio.

o Tests with dilutions of genuine CML solution show results similar to those observed for the simulant
CML tests.

To achieve the highest process throughput rates, the CML solution should be diluted to create Pu
concentrations just below 50 g/L using the lowest-possible acid concentration (e.g., 0.3 M) to minimize
Pu losses to the filtrate.
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4.0 Calcination and Moisture Uptake Testing

The purposes of the calcination and moisture testing are to evaluate the drying, calcination, and calcine
moisture uptake behaviors of plutonium-bearing products prepared by oxalate precipitation of the CML
solution. The key objective of the testing is to determine the feasibility of stabilizing the solids to meet the
DOE-STD-3013 standards in the humid gloveboxes of the PFP RMC line. The following are the technical
questions to be answered in the testing:

1. What are the products of calcination of the uranium that accompanies the plutonium oxalate
precipitate?

2. How do the uranium calcination products evolve as a function of heating time, temperature, and
material scale/amount?

3. What are the moisture uptake properties of the calcined uranium oxide and plutonium/uranium oxide
products as a function of water vapor pressure (humidity)?

4. What are the effects of boric oxide (B,O;) and gadolinium oxide (Gd,O;) on moisture uptake by the
thermally stabilized solids?

The chemical transformations expected in the drying and calcination of the moist filtercake obtained by
oxalic acid precipitation of Pu(IV) from the CML solutions have been investigated as a function of the
extent of uranium content in the cake and the presence of boric acid and gadolinium nitrate in the
interstitial solution.

4.1 Calcination and Moisture Uptake Studies of Uranyl Oxalate and Nitrate

Uranyl oxalate and uranyl nitrate will be present in plutonium oxalate filtercakes prepared during the
CML solution stabilization operations at the PFP. According to the precipitation testing, the uranyl oxalate
trihydrate salt (UO,C,04:3H,0) can precipitate by addition of oxalic acid in excess of the ~2.3:1 oxalate:
Pu ratio. Uranyl oxalate also can precipitate by drying of the interstitial liquor in the Pu(IV) oxalate filter-
cake. Uranyl nitrate hexahydrate salt [UO,(NO3)-6H,O] also is expected to form during drying of the
interstitial liquor.

Uranyl oxalate trihydrate was prepared by precipitation of a 2 M aqueous solution of reagent-grade
uranyl nitrate with a 1.5-fold stoichiometric excess (3 M) oxalic acid solution at 70°C. The bright yellow
crystals precipitated immediately upon mixing and were digested with cooling overnight. The crystals
were filtered, rinsed with several portions of cold water, and air-dried.

About 1 mg of the air-dried crystals were crushed and blended with 0.1 g potassium bromide (KBr) and
pressed into a pellet for infrared spectrometric analysis. The absorbance spectrum of the pressed pellet,
measured in the range 400 to 4000 cm™ with a Nicolet 500 Fourier-transform infrared (FTIR) spectrometer,
is shown in Figure 14. Frequencies of the more prominent absorption bands are listed in Table 3 and com-
pared with band energies and spectral assignments described for reagent UO,C,04-3H,0 (Ribnikar and
Trtica 1998). Two of the three UO,”" bands are distinguishable at 869 and 946 cm™ (the third band, at
257 cm™, is outside the scan range). The broad water bands appear between 3700 and 2800 cm™', and
prominent oxalate peaks appear at about 490, 803, 1315, 1357, and 1627 cm™', with intensities and
locations near those expected from measurements of reagent UO,C,04-3H,0.
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Figure 14. Infrared Spectrum of UO,C,04:3H,0 Product
Table 3. Infrared Absorbance Bands of Uranyl Oxalate
Frequency (cm™)
Found Literature Literature Assignment
Not meas. 257 (s) vy, (U0,
Not meas. 379 (m) v, 1(CO,)
490 (m) 490 (m) v3,8(0-C-0); v,(C-C=0)
546 (w) -
663 (w) 653 (w) v,I(H-O-H); v,(0O-C=0)
729 (w) 736 (w)
803 (s) 797 (m) v12,0(0-C-0)
849 (w) -
869 (w) 869 (w) v1,s(UO0™)
946 (vs) 944 (vs) v3,a(U0," )
1035 (w) 1060 (w) v,(C=0)
1315 (m) 1314 (m) v11,8(0-C-0)
1357 (m) 1357 (m) v11,8(0-C-0)
1627 (vs) 1623 (vs) v9,a(0-C-0); v,(C=0); v,,8(H-O-H)
1692 (vs) -
- 2322 (w) CO,
2927 (m) 2929 (m) v1,8(OH); v3,a(OH)
3454 (s) 3442 (s) v1,8(OH); v3,a(OH)
3604 (m) 3622 (m) v1,8(OH); v3,a(OH)

w — weak; m — medium; s — strong; vs — very strong.
v — frequency; & — deformation, s- symmetric, a — antisymmetric, and r —

rocking vibrations; | — libration.

Literature frequencies and assignments from Ribnikar and Trtica (1998).
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The uranyl oxalate crystals also were characterized by DTA/differential scanning calorimetry (DSC)
scans using 11.790 to 23.441 mg samples. The scans were found to be consistent with published informa-
tion (Bressat et al. 1963; Buttress and Hughes 1968; Tel et al. 1999). The thermal events of the present
tests and results found in the technical literature for heating of uranyl oxalate in air are compared in
Table 4.

The TGA scans were consistent with the thermal decomposition of uranyl oxalate trihydrate but some-
times complicated by loss of sample from the balance pan. The appearances of products from 500°C and
1000°C calcination of uranyl oxalate were practically identical by SEM (Figure 15), giving plate-shaped
and possibly some rod-shaped crystals that did not sinter (fuse to form particles of apparent lower surface
area) even at 1000°C treatment and having no SEM-visible porosity. The crystals were U;Og in all cases,
as shown by X-ray diffractometry (XRD), with some improvement in crystallinity at higher temperature, as
shown by sharper diffraction peaks (Figure 25). Because the 500°C product calcine lost weight when
heated to 1000°C, transformation evidently was not complete at S00°C.

To examine further the completeness of reaction, a moist uranyl oxalate filtercake approximately 3-cm
deep was calcined in an alumina (Al,Os) crucible at plant conditions (1000°C for two hours). Samples
from the calcine were examined by XRD to determine the completeness of conversion to U;Og as a func-
tion of depth and thus exposure to air. Nearly all the calcined cake could be removed from the crucible in a
single piece 1.5 diameter x 2.5 cm high but the material itself was porous and friable. Samples were taken
from the top, middle, and bottom of the piece and mounted for XRD. As shown in Figure 16, U305 was the
only product phase observed. In particular, no evidence was found for UO,, UOs3, or other uranium oxide
phases. Corundum (Al,O;) was added during XRD sample preparation as an internal standard.

Moisture uptake studies on the U;Og product calcined under loss on ignition conditions were performed
using controlled humidity desiccators. The humidity was set using sulfuric acid solutions (60 wt% H,SO4
for 18.8 = 19 % RH and 28 wt% H,SO, for 80% RH [Weast 1976]). Duplicate tests were run, each with
~3.5 g U304 prepared by precipitation of uranyl oxalate, calcination at 500°C, and then two hours’ subse-
quent calcination at 1000°C. The samples were loose powders and were not stirred during the moisture
uptake tests. The tests were done in new alumina crucibles and a new blank (empty) crucible was run in
parallel to monitor possible moisture uptake on the crucible itself. The moisture uptakes at 19% RH after
48 hours, corrected for uptake by the empty crucible, and varied erratically between —0.005 and +0.015
wt% and thus were essentially zero to the measurement accuracy.

Table 4. Thermal Analysis Results for Uranyl Oxalate Heating in Air

Temperature (°C)
Event

Present Studies Bressat et al. 1963 | Buttress and Hughes 1968® Tel et al. 1999
Endotherm 74-82 monohydrate ~100 100
Endotherm 154-158 159 ~166 170
Exotherm 356-361 367 360-400 365
Exotherm ~530%@ - ~548 -
Endotherm ~629% - ~647 -
Ramp Rate 5°C/min 5°C/min 1 or 6°C/min 10°C/min
(a) Temperatures estimated from chart.
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Figure 15. SEM Photomicrographs of Us;Og Product of Thermal Decomposition of UO,C,0,4-3H,0
(1eft=500°C; right—1000°C; bars correspond to 40 um)

5000 T

U - uranium octaoxide, U;0g
U C - corundum, Al,03

4000 A

q

u
u
u u
Top )N ] u ufic u u
A Y S P T

L I I T VA N

1000 |

0 Bottom k ‘M)\ _‘MJ l
25 30 35 40 45 50

10 15 20

w

o

o

o
L

Intensity

55 60 65 70
2-Theta

Figure 16. X-Ray Diffraction Scans of Products Taken at Various Depths in 1000°C
Calcination of UO,C,04-:3H,0 Product in a Crucible
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This total variability is less than 0.001 grams and is negligible compared with the balance resolution of
+0.0001 g for four weight measurements (before and after exposure to humidity for the empty and U;Os-
bearing crucibles). Tests at 80% RH also were performed for the same materials after their re-calcination
at 1000°C. Results at 80% RH show moisture uptakes, corrected for the crucible blank, to be rapid (within
a few hours) and leveling near ~0.03 wt%, well below the 0.5-wt% moisture threshold. The moisture
uptake results for the 19% and 80% RH are shown in Figure 17.

Tests were performed to monitor the moisture/weight uptake for U;Og products prepared by 1000°C
calcination of reagent-grade uranyl nitrate. To compare the test results with recent experiments at Oak
Ridge National Laboratory (ORNL) (Icenhour et al. 2002), products from 650°C calcination of uranyl
nitrate also were prepared. For completeness, similar experiments also were performed for products of
650°C and 1000°C calcination of uranyl oxalate. Thus, in the present testing, duplicate portions of uranyl
nitrate were heated in alumina boats and then calcined to 1000°C to produce U;Og. Duplicate portions of
U;0Og materials also were made by 650°C calcination of uranyl nitrate. Parallel two-hour 650°C and
1000°C calcinations of duplicate uranyl oxalate samples were performed in like manner. The respective
nitrate and oxalate calcines were exposed to 80% RH in closed chambers and the weight gains recorded as
a function of time (Figures 18 and 19, respectively).
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Figure 17. Moisture Uptake on U;0g Prepared by 1000°C Calcination of
Uranyl Oxalate as a Function of Humidity and Exposure Time

4.5



3.5

3.0 1

N g
o 3
‘ ‘

Wt Gain, wt%
»

1.0 1

0.5 1

U3;0; Calcines from 80% relative humidity
Uranyl Nitrate

—®— From nitrate - 650°C - Test A
——From nitrate - 650°C - Test B
—#- From nitrate - 1000°C - Test A
—5-From nitrate - 1000°C - Test B

0

100 200 300 400 500 600 700 800 900
Time, hours

Figure 18. Moisture Uptake at 80% RH on U3Og Prepared by 650°C and 1000°C

0.20

Calcination of Uranyl Nitrate as a Function of Exposure Time

0.15 1

Wt Gain, wt%
o
=)

0.05 1|

0.00

—®—From oxalate - 650°C - Test A
——From oxalate - 650°C - Test B
—#- From oxalate - 1000°C - Test A
—& From oxalate - 1000°C - Test B

U305 Calcines from 80% relative humidity

Uranyl Oxalate
B
_a—a 05 _
//
— _—
ﬁF |
| R

///I\\ ./‘ 77 l17'"""'*77.

50 100 150 200 250 300
Time, hours

Figure 19. Moisture Uptake at 80% RH on U;Og Prepared by 650°C and 1000°C

Calcination of Uranyl Oxalate as a Function of Exposure Time

4.6



As shown in Figure 18, the weight uptakes for the U;Og products from 650°C calcination of uranyl
nitrate increase monotonically through 36 days of exposure to 80% RH air. After 12 days, the weight gains
are about 1.1 and 1.5 wt% in the duplicate tests. The ORNL experiments (Icenhour et al. 2002) showed
comparable behavior for a U;Og material produced by overnight 650°C calcination of a UO; intermediate
product formed by 350°C thermal decomposition of uranyl nitrate hexahydrate salt. In the ORNL tests, a
stirred 9-g sample of U;Og prepared in this fashion and exposed to 97.5% RH gained about 1.2 wt% after
12 days and about 9 wt% after 200 days. An otherwise-similar but stirred 2-g sample gained about 1.6 wt%
in about 14 days. Over a 200-day period, another U;Og sample (mass not stated) exposed to 70% RH
gained 4 wt%; under otherwise similar conditions, a U;Og sample also containing 5 wt% Gd,O; had similar
weight gain. The ORNL studies thus showed that 1) the 650°C-calcined U;Og prepared by thermal decom-
position of UO,(NO;),-6H,O — UO; — U30g is unstable to weight gain even when exposed to moist air for
a few days and 2) the weight gain continues unabated for hundreds of days. The present test results concur
with the ORNL findings and show that U;Og prepared from 650°C calcination of uranyl nitrate weight
increases continuously when exposed to humid (80% RH) air.

In contrast, present testing shows low and relatively flat weight uptakes for products from 1000°C
calcination of uranyl nitrate upon exposure to 80% RH air. Even after 19 days of exposure, the weight
uptakes in duplicate tests are 0.11 and 0.25 wt% for the 1000°C-calcined uranyl nitrate products.

Results for U;Og formed from calcination of uranyl oxalate also show low and comparable weight
gains irrespective of calcination temperature (Figure 19). The U;Og preparations from 1000°C calcination
of uranyl oxalate achieved stable weight gains (of about 0.06 and 0.16 wt% for the two tests) in the first
day and remained unchanged up to 12 days. Similar results were found for the oxalate products of 650°C
calcination. These compare with ~0.03 wt% observed in the prior tests for similar masses of uranyl oxalate
calcine but exposed to a smaller surface area in a crucible (Figure 17).

To help understand the differences in weight uptake behavior, the U305 products of 650°C and 1000°C
calcinations of uranyl nitrate were examined by SEM (Figure 20). These images, compared with images of
the 1000°C product from uranyl oxalate (Figure 15; same magnification as in Figure 20), show an apparent
higher porosity for the calcined uranyl nitrate and suggest that perhaps the high weight gains manifested by
the 650°C uranyl nitrate products occur because of the high surface area. However, the 1000°C uranyl
nitrate product, though of appearance similar to the 650°C product, had much lower moisture absorption.

Surface area measurements of all four U;Og calcines were performed by BET gas uptake methods.
Higher temperature calcination decreased surface area for both the uranyl nitrate and uranyl oxalate
products. The uranyl nitrate product calcined to 650°C had a surface area of 3.1 m*/g while the 1000°C
product had a surface area of 0.61 m*/g. The uranyl oxalate products calcined to 650°C and 1000°C had
surface areas of 1.1 m%/g and 0.059 m?/g, respectively. The differences in surface area explain some but
not all of the disparity in the moisture uptake results for the uranyl nitrate and oxalate calcine products.

Processing the CML solutions at the PFP will produce calcines from both uranyl oxalate and uranyl

nitrate starting materials. The laboratory tests show that the highly fired U;Og-bearing 1000°C calcines to
be produced from either of the uranyl salts should have low moisture uptakes.
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40.0 um

Figure 20. SEM Photomicrographs of Us;Og Products of Thermal Decomposition of UO,(NO;),:6H,O
(left — 650°C; right — 1000°C; bars correspond to 40 um)

However, thermodynamic analyses also suggest that exposure of the U3Og to moist air should be
limited because U;Og is unstable to form either schoepite [(UO;)sO,(OH),,(H,0)1,] or metaschoepite
[(UO,)502(OH)2(H,0),0] in oxygen with condensing water. Thermodynamic calculations summarized
below were performed using published standard free energies of formation, AGy’ [Wagman et al. (1982) for
U305 (-3369.7 kJ/mole) and liquid water (-237.129 kJ/mole); Chen et al. (1999) for schoepite (calculated to
be -13609.2 kJ/mole); O’Hare et al. (1988) for metaschoepite (-13096 kJ/mole)].

8 U30g +4 Oz(g) + 54 HzO(]) —3 (U02)802(OH)12(H20)12 Aern =-1065.2 kJ or -133.1 kJ/mole U
8 U30g +4 Oz(g) +48 HQO(]) —3 (UOz)gOz(OH)lz(Hzo)lo AGan = -948.2 kJ or -118.5 kJ/mole U.

Limited laboratory studies confirm the thermodynamic interpretation and show that U;Og-type mate-
rials calcined from UO,(OH), to relatively low temperatures can hydrate and oxidize in water-saturated air
at 45-47°C (Urbanec and Sedlakova 1963). The conversion of U;Og to uranium oxide hydrate (various
schoepites) also has been observed under aerated immersed conditions (Vochten et al. 1990).

Further characterization tests were performed to study the product formed by reaction of U;Og with
humid air. Samples of the U;Og products formed by 650°C calcination of uranyl nitrate and 1000°C
calcination of uranyl oxalate, and subsequently exposed to 80% RH for ~400 hours, were examined by
XRD (Figure 21) and differential thermogravimetry (DTG) (Figure 22). Corundum, Al,O;, was added
during XRD sample preparation as an internal standard. Both products’ diffraction scans show primarily
the expected U;Og solid phase. In both cases, however, metaschoepite [(UO,)sO,(OH);2(H,0)0] also was
observed. Based on XRD peak heights, more alteration occurred with the uranyl nitrate product calcined
at the lower (650°C) temperature.
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Figure 21. X-Ray Diffraction Scans of Products of 1000°C Calcination of UO,C,04-3H,0 and
650°C Calcination of UO»(NO;),6H,0 After 400 hr Exposure to 80% RH Air

20 30

15 1 25
- -t
S 10 (20 3
= °
B S
[] =
= o

& 5. - 15
E 2
S s
b= X
Z 01 -10 O
- ] o ]
é U305 fi 650°C-calcined UO,(NO3), 6H,0 (|2
5 5 30g from -calcine 2(NO;), 6H> 5 B

0

U303 from 1000°C-calcined UO,C,043H,0
-15 ‘ ‘ ‘ ‘ ‘ ‘ -5

0 100 200 300 400 500 600 700 800 900 1000 1100
Temperature, °C

Figure 22. Differential Thermogravimetry of Products of 1000°C Calcination of UO,C,04:3H,0
and 650°C Calcination of UO,(NOs),-6H,0 After 400 hr at 80% RH
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The DTG analyses confirm this interpretation, showing weight loss centered at ~70°C due to meta-
schoepite decomposition and/or loss of physi-adsorbed water. The weight loss at 250-300°C represents
conversion of dehydrated schoepite UO5-0.8H,O to the hemihydrate UO5-0.5H,0 and then to anhydrous,
amorphous UQ;. At least one of the two peaks at ~510 and ~650°C is from UO; decomposition to form
U30s. The peak heights below 700°C are lower for the uranyl oxalate product and thus likely all arise
from metaschoepite decomposition or loss of physi-adsorbed water.

Weight loss peaks occur at 900-920°C for both DTG scans. The weight losses correspond to reversible
oxygen loss to the oxygen-deficient U;Og., stoichiometry (Kolthoff et al. 1962 and citations therein; Vita et
al. 1973; Weigel 1986) and are of similar height, consistent with their assignment to the predominant U;Og
phase. The reversibility of oxygen loss as temperature rises above ~900°C; comparable gain was demon-
strated with cooling for a sample of the U;Og product from uranyl oxalate calcination.

4.2 Calcination and Moisture Uptake Studies of the Effects of Boric Acid and
Gadolinium

Boron and gadolinium are present in low concentrations in the CML solutions. The influences of
boron (as boric acid) and gadolinium (as its nitrate salt) on the calcination and moisture uptake of CML
products were studied in laboratory tests.

The boric acid (H;BOs) present in the CML solutions is not expected to precipitate with any of the
solution components and should only accompany the filtercake as part of the interstitial liquid. Upon
heating, the boric acid would dehydrate to form free B,O; and likely would fuse with the refractory PuO, at
the 1000°C temperature to form a B,O5;-PuO, glass upon cooling. Because pure boric oxide is hygroscopic,
significant uptake of moisture on cooling B,Os or the prospective B,O;-PuO, glass in humid atmospheres
may occur and is a major cause for concern in stabilizing the CML solutions in the humid RMC glovebox
line. Based on these considerations, the influence of B,O; on the hygroscopicity of CML product calcines
was studied.

Tests of moisture uptake on calcined boric acid were performed using CeO, as a surrogate for PuO,.
To be equivalent, the Pu:B mole ratio of 45:1 was preserved for Ce:B in the tests with the CeO,. On a
gravimetric basis, this represents 0.00798 g H;BO; per gram CeO,.®”

Calcined ceria (CeO,), prepared by PFP scientists in the PPSL by precipitation and calcination of
Ce(III) oxalate, was saturated with boric acid solution at mole concentrations comparable to and 1.5 times
higher than the 1:45 B:Ce mole ratio concentrations representing unrinsed CML Pu oxalate filtercake. A
blank test with water added also was run (i.e., tests were run at 0, 0.022, and 0.033 mole fraction boron).
The three moist cakes, each with about 24 grams of ceria, were heated to dryness and then calcined at
1000°C for two hours in platinum crucibles.

The weight loss experienced by the samples upon 1000°C calcination under LOI conditions was
recorded. Under LOI conditions, the samples were heated in a furnace at 150°C for two hours to drive off
water, the furnace temperature ramped to 1000°C and held there for two hours, and the crucibles removed

Imole B y mole Ce X61.83gH3BO3
45mole Ce 172.13 g CeO, mole B

(a) =0.00798 g H3BO3 /g CCOZ
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from the furnace at 1000°C and placed directly into a desiccator. The desiccator was evacuated and the
crucibles weighed when they reached room temperature.

The pure ceria sample lost 0.055 wt% upon calcination. The parallel samples with boric acid lost an
additional increment of weight beyond that ascribed to the ceria. Thus, it was suspected that some fraction
of the contained boron volatilized. The weight losses corresponded to 47% of the original boron (assayed
as B,03) in the case of the test with the expected interstitial boric acid concentration and 39% of the
original boron in the case of test with 1.5 times the expected boric acid. Subsequent examination of the
technical literature shows that boric acid can be steam-distilled from boiling aqueous solutions. That is, a
boron compound, likely HBO,, has a significant vapor pressure in hot water vapor (Markovskii 1962).
However, B,0s; itself melts at 430°C but does not boil until 2250°C; therefore, any boric acid remaining
after removal of water should not be lost by 1000°C heating.

The moisture uptake studies of the ~2-cm-deep calcined samples of B,Os-bearing CeO, were per-
formed in a humidity chamber controlled at 80% RH using a 28 wt% H,SO, solution. The 2-cm depth
corresponds to the approximate bed depth in process calcination boats with moisture uptake under tests at
conditions plausible in the humid glovebox environment of the PFP RMC line, where thermal stabilization
and packaging of the CML product oxalate is destined to occur. After about 60 hours of exposure at 80%
RH, the unstirred samples were re-calcined at 1000°C and exposed to ~19% RH (using 60 wt% H,SO4
solution). The re-calcination restored the pure ceria sample to exactly its prior calcined weight. The
samples with boron lost a small additional fraction of their boron (4 and 5% of their original boron for the
1- and 1.5-fold boron tests to leave 49 and 55%, respectively, of the original boron in the ceria bed) upon
re-calcination.

The moisture uptake data are presented graphically in Figure 23. The moisture uptake on the pure
calcined ceria at 80% RH was at apparent equilibrium after about one day and reached about 0.018 wt%.
The tests with boron added gained 0.038 and 0.054 wt%, respectively, for the 1- and 1.5-fold expected
boric acid loadings (0.022 and 0.033 mole fraction B). Even at this relatively high humidity, these moisture
uptakes are well below the DOE-STD-3013 0.5-wt% moisture threshold. The moisture uptakes on the re-
calcined materials were all about 0.008 wt% at 19% RH. Though boron (likely as B,0O3) increases the
moisture-absorbing properties of ceria (the PuO, surrogate), the enhancement observed in these tests does
not jeopardize attaining the 0.5-wt% moisture threshold. The tests also showed that a significant fraction of
the interstitial boric acid likely would be removed during hotplate drying by a steam-stripping mechanism.
The boric acid did cause some cementation of the ceria particles so that the calcines formed chunky
agglomerates. The agglomerates were not hard and could be crushed by slight finger pressure.

A quantity of gadolinium oxalate was prepared from a solution of the nitrate salt by shaking with a
stoichiometric excess of oxalic acid in DI (distilled/deionized) water. The precipitate was washed with
room temperature DI water, centrifuged, and decanted four times to remove interstitial salts. The solids
then were heated to 1000°C for two hours to form Gd,O3 and weighed out into two platinum crucibles.

Weight uptake data on ~1-gram samples of the product Gd,O;, measured periodically during exposure

to 80% RH air (maintained by 19 wt% H,S0O,) in a closed chamber, show about 0.02—0.05 wt% gain after
about two days of exposure (Figure 24). The weight gains remained constant for at least four days.
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4.3 Tests of the Calcination and Moisture Uptake of Simulated CML Oxalate
Precipitate Product

The calcination and moisture uptake behaviors of products from precipitation of simulated CML
oxalate were examined to determine the mutual influences of the plutonium and uranium constituents.
These tests examined the effects caused by higher concentrations of uranium in the desired plutonium
product and of the presence of boron and gadolinium.

Moist cake samples of Pu(IV) oxalate with interstitial uranyl nitrate solution (and some with uranyl
oxalate solid) were dried and then calcined to 1000°C for two hours. The products then were examined by
XRD. The unrinsed cakes were prepared by precipitating simulated dilutions of CML solutions (to 50 g
Pu/L and 112 g U/L in 1.14 M HNOs) with solid oxalic acid using 2.19:1, 2.62:1, and 3.50:1 oxalate:Pu
mole ratios. The precipitation test conditions and results are described in the previous sections.

The cake products range from the nominal proposed, low acid concentration, plant precipitate products
in which Pu precipitation is practically complete but no uranyl oxalate precipitation occurs (at 2.19:1 mole
ratio) to product cakes containing 16% and 63% of the starting uranium in the precipitate (at 2.62:1 and
3.5:1 oxalate:Pu mole ratios, respectively) prepared under potential oxalic acid overdose conditions.

The XRD of the mixed plutonium-uranium oxide product calcines and of pure uranium oxides from
calcination of uranyl oxalate at three different temperatures are compared in Figure 25. Together, the XRD
scans show that U;Og is the sole uranium-bearing phase formed after calcination though the detection limit

P - plutonium dioxide, PuO;
10000 A U - uranium octaoxide, U3;Og
C - corundum, Al,O3

u
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u
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Figure 25. X-Ray Diffraction Scans of Mixed Pu/U Oxides Produced by 1000°C Calcination
of PuO,(C,04),:6H,0 and 500, 700, and 1000°C Calcination of UO,C,04:3H,0 under
Nominal Process Conditions
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by XRD is estimated to be only 5 to 10%. For example, the plutonium-uranium product prepared at 2.19:1
oxalate:Pu mole ratio has only the sharp peaks corresponding to PuO, and no peaks due to uranium phases.

Though the cakes were not rinsed and therefore contained uranium in the interstitial solution, no U;Og
or other uranium-bearing phase (e.g., UO,, UO5-H,0, and UO3-2H,0) was detected. The diffraction scans
from the products from the 2.62:1 and 3.5:1 oxalate:Pu tests showed U;Og with the U;Og peak intensities
increasing with increasing oxalate:Pu ratio (and thus uranyl oxalate concentration in the precipitate).
Again, however, no UO,, UO5-H,0, or UO3:2H,0 was detected in the diffraction scans. The diffraction
scans products from the calcination of UO,C,04:3H,0 at 500, 700, and 1000°C show exclusively U;Os.
Corundum was added during sample preparation to be an internal reference in all XRD mounts.

Moisture uptake studies also were performed for calcines from simulated CML solution. Two separate
portions of oxalate filtercake from simulant CML solution were prepared at 2.25:1 and 2.75:1 oxalate:Pu
ratio for moisture uptake studies. The precipitations were made from 1.5 M HNOj; solution containing
boron and gadolinium at the nominal concentrations (see Table 2 for detailed solution compositions).
Based on supernatant solution concentrations, the cake produced at the 2.25:1 ratio contained ~4% of the
uranium as an oxalate precipitate (i.e., 8.5 wt% U;Os in the calcine) and the 2.75:1 cake contained ~27% of
the uranium as precipitate (i.e., 39 wt% U;Og in the calcine). Uranium in the interstitial liquid would
increase the U;Og in the calcines to about 18 and 48 wt%, respectively. Duplicate portions of moist cakes
from each oxalate:Pu ratio, separated from the solution by centrifugation and decantation, were transferred
to tare-weighed new alumina crucibles. The crucibles with contents were dried for several hours at 150°C
and then heated to 1000°C for two hours. The crucibles with calcined materials were removed from the
furnace at ~800°C and allowed to cool under vacuum in a desiccator. A blank new empty crucible was run
in parallel to monitor the behavior of the crucible itself. The quantities of calcine in the 2.25:1 oxalate:Pu
tests were about 0.4—0.5 grams each; the tests at 2.75:1 oxalate:Pu each had about 0.7 grams of calcine.
The crucibles with contents were transferred to a desiccator controlled to 19% RH with a 60 wt% sulfuric
acid solution. The moisture uptakes on the unstirred but loose calcined Pu/U oxides were monitored as a
function of time for about two days. The crucibles with contents then were re-calcined to 1000°C for six
hours (lab operations prevented earlier entry) and the moisture uptake experiment repeated in a desiccator
controlled to 80% RH for seven days of contact time.

The results of the moisture uptake testing on the calcined CML products produced at nominal 2.25:1
and 2.75:1 oxalate:Pu ratios are depicted in Figure 26. The moisture uptakes at 19% RH reached apparent
steady state within a few hours and, at about 0.03 to 0.05 wt%, are near the analytical detection limit and
well below the 0.5 wt% threshold. The moisture uptakes at 80% RH vary from 0.12 to 0.20 wt% after
seven days of exposure and reach apparent equilibrium in a few hours. Within the measurement precision,
moisture uptake apparently does not depend on the fraction of uranium in the PuO,-U;Og mixtures.

Tests of the moisture uptake on two-hour 1000°C calcined simulated CML product were repeated
starting with fresh preparations of the 2.25:1 and 2.75:1 oxalate:Pu precipitates. The calcines were pre-
pared in alumina crucibles and again removed directly from the hot (850-900°C) furnace and placed
directly into a vacuum desiccator for cooling before weighing. About 0.36 g of the 2.25:1 calcine and
0.39 g of the 2.75:1 calcine were obtained. Moisture/weight uptakes on the unstirred loose solids then were
monitored during exposure to 80% RH as a function of time. As shown in Figure 27, about 0.08 and 0.20
wt% uptakes were observed through ~37 days of exposure with the greater uptake observed at the higher
oxalate:Pu ratio (and thus higher uranium concentration).
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4.4 Tests of the Calcination and Moisture Uptake of Genuine CML Oxalate
Precipitate Product

TGA and LOI measurements were made of oxide products prepared by calcination of oxalate
precipitates from genuine CML solution. Three samples of oxide from genuine CML solution were
prepared and analyzed for these tests.

Two of the oxides (called A and B) were prepared from a composite of 50-mL precipitation test
products (results depicted in Figure 13). The starting solutions contained 20 to 40 g Pu/L and 60 to 110 g
U/L in 1 to 2 M HNO;. Because the oxalate:Pu mole ratios varied from 0.5:1 to 8:1 (with many of the tests
at the higher ratios), the uranium concentrations in the precipitates were high. After the solutions from
these tests were sampled, the solids were filtered, rinsed with water (wash volume approximately equal to
the cake volume), and dried on a hot plate to constant weight. The dried solids were transferred to cru-
cibles and calcined by two hours’ heating to 1000°C. The calcined solids were cooled in the furnace. A
third oxide solid (called C) was prepared from a precipitation of 39 g Pu/L and 80 g U/L. The oxalate:Pu
ratio was 4:1 and the filtercake was not washed.

The PFP Analytical Laboratory assayed the samples for Pu concentration and LOI (Table 5). The
exposure time is the period the calcined material was open to ambient glovebox air at 20 to 60% RH.
Plutonium concentrations are ~40 wt% for all three tests. Because the calcine product is a nearly pure
mixture of PuO, and U3Og, the uranium concentrations may be calculated by difference (results in Table 5).
In all cases, LOI values are well below the 0.5-wt% threshold, even the material exposed for 57 days to
ambient plant humidity.

Duplicate samples from the three test materials were analyzed using the PPSL’s Netzsch TGA/MS to
measure weight loss compared with water, carbon dioxide, and oxygen gas products. As shown in Fig-
ure 28, the weight loss for sample A up to 1000°C was about 0.2 wt%, but an additional 0.1 wt% loss
occurred during the one-hour hold at 1038°C. As shown by mass spectrometry (MS) (Figure 29), the
weight loss during the 1038°C hold was not due to water or carbon dioxide. The water loss was highest at
about 100°C and complete by 500°C while the carbon dioxide loss centered at about 350°C and was
complete by 600°C. The ~0.1 wt% loss occurring above 800°C and during the subsequent one-hour high
temperature hold was due to O, generation (Figure 30), likely from the decomposition of U305 to U3Og.4.

Table 5. Plutonium Concentrations, LOI, and TGA/MS for Oxide from Genuine CML Test Solutions

Exposure TGA/MS (wt%)
Test Pu y, Time LOI TGA Weight Loss to
(Wt%) | (Wt%) (Wt%) H,0 | CO,
(days) 600°C | 1000°C | 1 hr at 1032°C
0.086 0.20 0.35 - -
A 37.5 | 48.7 57 0.12
0.081 0.20 0.34 0.13 {0.10
0.150 0.25 0.44 0.19 |0.11
B 43.6 | 42.9 2 0.04
0.152 0.24 0.45 0.20 |0.11
0.114 0.24 0.37 - |-
C 36.3 | 49.9 1 0.06
-- -- -- 0.14 |0.036
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Figure 30. MS Analysis of Oxygen from Genuine Calcined CML Product A

In summary, the TGA/MS data show that even with high uranium concentrations and prolonged
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exposure to glovebox humidity, water concentrations in calcined CML oxalate product were 0.2 wt% or
lower and LOIs to 1000°C were 0.25 wt% or lower. The TGA/MS also showed that oxygen loss above
800°C, likely from decomposition of U;Og to a sub-stoichiometric composition, is significant. Under LOI
conditions, this oxygen should be re-absorbed on cooling to reform the stoichiometric U;Og and thus not
further increase the moisture concentration value for DOE-STD-3013 purposes. However, monitoring total
weight loss at the end of heating to 1000°C for any period of time will include losses incurred by the con-
version of U;Og to sub-stoichiometric U;Og  and thus overstate the mass assumed due solely to water loss.

4.5 Principal Findings from the Calcination and Moisture Uptake Testing

The overall findings from the calcination and moisture uptake testing for CML solutions processing are

summarized:

e Uranyl oxalate, a product of the reaction of oxalic acid with U(VI) nitrate solution, calcines to produce
U;0Og both by itself and in the presence of calcining Pu(IV) oxalate. No evidence was found by XRD
or thermal analysis (at an estimated 5% detection limit) for other uranium oxide phases (e.g., UO, or

UO:s) in the freshly prepared calcine.

e Moisture uptake by 1000°C-calcined U;Og under 19% RH is essentially nil; it is ~0.03 wt% at 80% RH
after two days of exposure at each condition using ~3.5-g samples. However, extended exposure of
U;Og to moist air results in partial conversion to metaschoepite, a U(VI) oxide hydrate phase.

e The quantity of hygroscopic boric oxide found in the product calcine is decreased under conditions of
hotplate drying, presumably due to stream stripping of boric acid.

e Moisture uptake by calcined CeO, (used as an inert surrogate oxide) saturated with boric acid at zero,

nominal, and 1.5-fold expected concentrations is indistinguishable and low (0.005 wt%) under 19% RH

and is ~0.015-0.055 wt% at 80% RH after five days’ exposure at each condition for ~24-g samples.
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e Moisture uptake on pure samples of 1000°C calcined Gd,O; prepared from Gd(I1I) oxalate precipitate
is ~0.02—-0.05 wt% at 80% RH after six days’ exposure. The contribution of gadolinium oxide to the
hygroscopicity of the CML product calcine therefore is expected to be negligible.

e Moisture uptake by 1000°C-calcined PuO,/U;Og produced at 2.25:1 and 2.75:1 oxalate:Pu ratios occurs
within a few hours; it is 0.03—0.05 wt% at 19% RH. Subsequent tests at 80% RH show 0.12 to
0.20 wt% uptake after seven days’ exposure for these ~0.5-g samples. Again, rapid uptake to a con-
stant weight is observed. Additional tests of similarly prepared 1000°C-calcined oxide products from
2.25:1 and 2.75:1 oxalate:Pu ratios but exposed solely to 80% RH show about 0.04 wt% uptake after
16 days.

o Results of LOI analyses of oxides produced by calcination of genuine rinsed CML solution oxalate
precipitates range from 0.04 to 0.12 wt%. The 0.12 wt% result was obtained for a sample exposed for
57 days to plant humidity. This material also was measured by TGA/MS of the off-gases. According
to these more detailed measurements, the mass of water arising from this sample corresponds to
0.14 wt%.

e LOI methods may be used to measure moisture concentrations of oxide products from CML nitrate
solutions. However, care must be exercised in applying TGA to determine LOI in that weight losses
occurring above about 900°C due to reversible oxygen loss from U;Og, contained in the calcine, to
form sub-stoichiometric U;Og« may cause (conservative) over-reporting of moisture concentration.

The moisture uptake studies all were conducted with small samples having relatively high surface-area-
to-volume ratios compared with plant materials in calcination process boats. Despite the small sample size,
favorable calcination, moisture uptake, and LOI results were obtained. Therefore, it is suggested, conserva-
tively, that calcination of oxalate products from CML feed solutions can be packaged under the RMC line
humidity conditions (<60% RH) provided that the time between the end of calcination and hermetic pack-
aging of the product does not exceed three days. Though longer times between calcination and packaging
may be tolerated, three days is an adequate interval between these process operations.

The results also showed that despite the favorably low moisture uptakes observed in the present tests,
U;Og is not stable indefinitely to humid air and can absorb water and oxidize to form metaschoepite.
Therefore, prudence dictates that precipitation of the already unwanted uranium by disproportionate
overdosing of oxalate to the CML solutions be limited to the extent practicable.
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