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SPECIATION AND CONCENTRATIONSOF METALS
INA HOMOGENEOUSREACTOR FUEL SOLUTION

1 INTRODUCTION

1.1 BACKGROUND

Argonne National Laboratory scientists and engineers are collaborating with personnel
from Babcock and Wilcox (B& W) to help optimize the design of their Medica Isotope
Production System (MIPS). The major components of the MIPS are a homogeneous solution
reactor containing low-enriched uranyl nitrate fuel, a molybdenum extraction system consisting
of anion exchange columns, and an off-gas treatment facility. The MIPS project is of high
priority because it would provide an industrial-scal e domestic source of medical isotopes that is
not currently available.

1.2 REPORT CONTENTS

This report presents results from four different studies performed in fiscal year (FY) 2009
at Argonne. The purpose of these studies was to devel op a better understanding of the speciation
and concentrations of key elementsin the MIPS reactor fuel. The results discussion provides
information that can be used to help optimize reactor operation and enhance the efficiency with
which molybdenum is extracted from the irradiated |ow-enriched uranium (LEU) fuel solution.

The four studies cover (1) speciation calculations for molybdenum within the reactor
fuel, (2) x-ray absorption experiments that investigate the molecular structure of molybdenum in
relevant solutions and adsorbed to relevant sorbents, (3) thermodynamic modeling of how the pH
of the reactor solution may change due to the loss of nitrogen through the radiolytic destruction
of nitrate, and (4) modeling and experimental work that 1ook at the consequences of hydrogen
peroxide production during reactor operation.

1.3 SUMMARY OF RESULTS

The key results from the molybdenum speciation calculations (Study 1) are that the
cationic species MoO,*" is dominant below a pH of 0.8, while H,M0O, is dominant at a pH of
0.8-3. At apH of more than 3, HM0oO,~ and MoO,* are the dominant species. This study also
notes that due to inconsistencies in the thermodynamic constants for molybdenum species over
the pH range of interest, more experimental data are needed to verify the results. Knowing the
molybdenum speciation in the MIPS fuel isimportant for understanding and optimizing the
molybdenum extraction system.

The key results from the x-ray absorption experiments (Study 2) are that molybdenum in
sodium nitrate solutions (surrogates for the MIPS fuel) are bound to at least 4 mol of oxygen



(two short bond lengths [~1.7 A] and two longer ones [~2.2 A]) and that the Mo-O bond lengths
increase with increasing pH (samples with apH of 0, 1, and 2 were analyzed). These results are
preliminary, and some Mo-O or Mo-NOs;~ bonds may not be resolved in the current data set.
More work is thus needed to resolve the uncertainties; however, the findings are useful in
confirming the speciation of molybdenum under relevant condition.

The x-ray absorption results that ook at the molecular structure of molybdenum adsorbed
to the four sorbents being considered for the MIPS are difficult to interpret since they are not
amenabl e to a unique fitting solution. However, the data suggest that the adsorbed Mo species
aredl fairly ssimilar on the titania-based sorbents and different for the alumina sorbent. The data
show that Mo-O bonds are approximately 1.7 A (for al sorbents), and there appearsto be a
Mo-Ti distance of 3.5 A for the titania sorbents. The precise structure of the adsorbed
molybdenum, however, has not yet been resolved. Assuming that the Mo-Ti distanceis correct,
the results indicate that the mol ybdenum is adsorbed as an inner sphere complex (tightly bound)
on the titania sorbents. The absence of a Mo-Al distance for the a umina sorbent suggests that
molybdenum is bound as an outer sphere complex (weakly bound) on this material.

The key recommendation from the pH study (Study 3) is that we need to understand the
system better before the pH model presented in this report can be used as supporting evidence for
aprocess to adjust the pH during reactor operation. Further, when the results of this model are
presented, a qualification should be added, stating that the results are semiquantitative
(i.e., a“step” toward understanding the real system). The next step in understanding the pH
variation during reactor operation would be to perform experiments in which the pH is measured
during irradiation of a stimulant of the MIPS fuel. Such experiments are currently being planned
by Argonne and B& W staff.

The key results from the hydrogen peroxide study (Study 4) are that a uranyl peroxide
solid may form under certain conditions (depending on the steady-state concentration of H,O,
during reactor operation). However, due to the rate of destruction of H,O, at relevant
temperatures (e.g., 80°C), it islikely that the fuel solution will remain undersaturated with
respect to uranyl peroxide as long as the solution pH remains lower than 2. But again, more
experimental data are needed to verify these findings.



2 MOLYBDENUM SPECIATION IN THE MIPS FUEL

2.1 INTRODUCTION

The software “ Geochemist’s Workbench” (GWB) was used to model the speciation of
molybdenum in uranyl nitrate and sodium nitrate as a function of pH and the concentration of
molybdenum. For some model runs, molybdenum minerals were alowed to precipitate, and in
other cases, precipitation was inhibited.

2.2 PROCESSUSED TO ADD MOLYBDENUM SPECIESTO THE GWB DATABASE
Incorporating the molybdenum data into the database required the following four steps:

1. Tabulating the free energies of formation (G%) for species of interest as well
asfor auxiliary speciesthat are used to write the basis reactions.

2. Writing the basis reactions (Table 1). These reactions are used by the code to
solve amatrix of mass and charge balance equations, which feed into an
iterative algorithm that converges on a unique equilibrium state for the
multiphase, multicomponent system of interest.

3. Calculating the free energy of reaction for the basis reactions (AG®) by using
the following equation: AG® = Zn,G% (products) — =nG’% (reactants), where
n; isthe molar coefficient of speciesi in the reaction.

4. Cadculating the equilibrium constants (K) for the basis reactions by using the
following relationships: AG® = —RTInK; therefore, 1ogioK = —AG®%/2.303RT.
(The code uses logioK valuesin its agorithms.) The basis reactions include
redox transitions, which are written by using O,(aqg) in the place of e
(Tablel).

23 RESULTS

Thereis no consensus in the literature for the value of the equilibrium constant for the
reaction HMoO, < MoO4* + H*. This reaction plays a key rolein determining molybdenum
speciation at alow pH. When values of —4.24 or —3.89 are used (these val ues agree most closely
with experimental results), the dominant molybdenum species are predicted to be MoO4** and
H,MoO4(ag) at apH of <3. At 1 x 10 mol of molybdenum, the solution is saturated with
respect to MoOg3 at apH of 0.5-2.5. Also, at this concentration, the molybdenum polymer
Mo0;0,:% becomes a significant species at apH of 3. At 1 x 10~ mol of molybdenum, other
polymers become dominant species: Mo7Ox(OH),* at apH of 1-2 and Mo,0x°% at apH of 2—4.
Figures 1, 2, and 3 (and their captions) elaborate on the results.



TABLE 1 FreeEnergy of Reaction and Equilibrium Constantsfor Selected Basis

Reactions Used for Calculating M olybdenum Speciation

AG®,

Basis Reactions (kJ¥mol)  logiK Source
MOpmeta + 1.505(aq) + H,0 <> MoO,* + 2H* —626.18 109.68 Bardetal. 1985
Mo + 0.750,(ag) + 2.5H,0 < MoO,* + 5H" —200.32  35.09 Faure1998
MoO," + 0.250,(aq) + 1.5H,0 <> MoO,* + 3H" 26.87 471  Faure1998
Mo0O,** + 2H,0 <> MoO,* + 4H" 49.37 —-8.65  Lindsay 1979
HMoO, < MoOs* + H* 55.20 -9.67 Faure1998
HMoO, < MoOs + H* 24.20 —4.24  Lindsay 1979
HMoO, < MoOs + H* 22.20 -3.89  Baesand Mesmer 1976
H,M0O4(aq) <> MoO,* + 2H" 443 -7.76  Bardetal. 1985
H,M0O4(aq) <> MoO,* + 2H" 42.81 750 Baesand Mesmer 1976
M0;0,," + 4H,0 < TMoO,* + 8H* 32958 -57.74 Baesand Mesmer 1976
M0;0,3(OH)* + 4H,0 < 7Mo0,* + 9H* 35470 —62.14 Baesand Mesmer 1976
M0;0,,(0OH),* + 4H,0 < 7 MoO,* + 10 H* 37490 6568 Baesand Mesmer 1976
M0;02(OH);* + 4H,0 < 7TM0oO* + 11H" 389.34 6821 Baesand Mesmer 1976
M01gOss™™ + 17H,0 <> 19M00,> + 34H* 1120.48 -196.3 Baesand Mesmer 1976
MoO,(c) + 0.502(aq) + H,0 <> MoO,* + 2H* —-76.62 1342 Bardetal. 1985
MoOs(c) + HyO <> MoO,* + 2H* 99.70  -1251 Faure1998
M030g(c) <> M0oO,> + 2MoO** 14223 2491 Badetal. 1985
M04Oy(c) + H20 <> 2MoO,* + 2MoO* + 2H* 44,55 —-7.80 Bardeta. 1985
H,M0O,(c) & MoO,* + 2H" 735 -12.87 Bardetd. 1985
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FIGURE 1 Molybdenum Speciation Using logioK =—4.24 for the Reaction HM 0O, <> MoO,” + H*
[Schoepite = uranyl oxide hydrate. (a) 1 x 10° molar Mo: The solution is under saturated with
respect of molybdenum minerals. (b) 1 x 10 molar Mo The solution is super satur ated with
respect to molybdenum minerals (precipitation inhibited). (c) 1 x 10 molar Moy, The solution is
saturated with respect to molybdenum minerals (precipitation allowed). Note the prevalence of
polymeric species M 0,0, at a pH of 3]
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3 X-RAY ABSORPTION EXPERIMENTSON MOLYBDENUM SOLUTIONSAND
MOLYBDENUM ADSORBED TO TITANIA AND ALUMINA SORBENTS

3.1 INTRODUCTION

The purpose of these experiments was to determine the molecular structure of
molybdenum in solutions simulating the MIPS fuel and to try to constrain the mechanism by
which molybdenum is adsorbing the sorbents being considered for molybdenum extraction from
the MIPS fuel. The results will help us understand the chemistry of molybdenum under
conditions relevant to the MI1PS and thus hel p optimize the system for molybdenum extraction.
Both extended x-ray absorption fine structure (EXAFS) and x-ray absorption near edge structure
(XANES) technigues were used.

3.2 SUMMARY

Two sets of experiments were conducted to determine Mo speciation in solution at
different pHs and to determine Mo speciation or interaction with the support for various sorbent
materials. The results for the solutions indicate that the Mo oxidation state is very close to, but
not entirely, +6, with atetrahedral nearest-neighbor Mo-O coordination environment including
two short Mo-O bonds from 1.69 to 1.73 A. (Note that since there is no explanation chemically
for Mo reduction in these samples, the presence of an oxidation state lower than +6 islikely due
to reduction in the x-ray beam; however, further work is needed to confirm this hypothesis.) The
results for the adsorbed Mo indicate that there is some dependence of the coordination
environment on the support, but that the Mo is entirely in the +6 oxidation state. The adsorbed
Mo species has two short Mo-O bonds, but these are slightly longer, at 1.74-1.76 A. In both
cases, the angle between the short Mo-O bonds is not close to 180°, which is indicated by the
absence of significant multiple-scattering peaks in the EXAFS Fourier transform (FT).

3.3 EXPERIMENT

For the solution experiments, Na,M 0O, powder was dissolved in nitric acid diluted to a
pH of 0, 1, and 2 by using deionized water. The concentration of each sample was
1 x 10~ molar, as determined by the mass of sodium molybdate dissolved. After each solution
was stirred for 24 hours at 25°C, approximately 1 mL of each solution was placed in a clear
plastic cuvette for x-ray absorption analyses.

For the sorbent experiments, 10 mL of sodium molybdate solution containing 5 x 10° M
molybdenum was reacted with 10 mg of each sorbent for 24 hours at 25°C. The molybdate
solutions were prepared by dissolving Na,MoO, powder in nitric acid diluted to apH of 1 with
deionized water.



3.4 SORBENTS

The sorbents used in these experiments are discussed in detail in a 2009 unpublished
report by Stepinski and others sent to B& W. The sorbents being evaluated at Argonne for use in
the extraction of M0-99 from the MIPS fuel consist of nanocrystalline titania and alumina. The
sorbent referred to as T-52 (labeled TS2 in figures) consists of 25 mol% of SnO, and 75 mol%
TiO,, T-5M (labeled TSM in figures) consists of 5 mol% of ZrO, and 95 mol% TiO,,
Sachtopore-80 (labeled SBO in figures) consists of nearly pure TiO,, and the alumina sorbent is
pure Al,Os. Pure anatase powder was also used in XAS experiments as a control.

3.5 X-RAY ABSORPTION MEASUREMENTS

Both sets of measurements were made at the MRCAT beamline 101D at Argonne’'s
Advanced Photon Source. The x-ray absorption fluorescence spectra (XAFS) for the solutions
were measured in fluorescence mode by using the “Lytle” detector with soller ditsand a
6-absorption-length zirconium metal filter. Krypton gas was used in the 6-cm ionization
chamber.

The XAFS for the adsorbed species was measured by using alog spiral Laue crystal
anayzer (BLA) tuned to the Mo K a pha fluorescence with two scintillation detectors. Due to the
vastly different surface areas of the supports and perhaps other factors, the signa was a couple of
orders of magnitude larger for Mo on some supports, so the beam size was decreased in order to
keep the detectors close to their linear range.

For the solution samples, a simultaneous measurement of a metallic Mo foil spectrum
was possible. The Mo edge was calibrated to 20,000.4 eV for the zero crossing of the second
derivative signal corresponding to the lower energy maximum of the first derivative. For the
adsorbed species, insufficient x-rays penetrated the entire length of the sample, so in that case,
we relied on beamline stability to ensure that the energy calibration remained consistent. In the
cases Where areference was measured, several spectrawere aligned to the calibrated reference
and merged to form the spectra anayzed. For the adsorbed Mo, the spectra for each sample were
aligned to a chosen spectrum and then merged.

3.6 RESULTS

Figures 4 and 5 show the Mo XANES compared to MoO, and MoO; standards. These
two standards give an indication of the typical edge energy for Mo(+4) and Mo(+6), athough
geometry effects may have a small impact on the edge position. The pre-edge peak at about
20,007 eV isatypica indication of the Mo(+6) oxidation state, based on this and other standard
samples. In Figure 4, the pre-edge peak in the adsorbed Mo spectrais nearly identical to the
MoO; standard, except for the sample with the alumina substrate, and all of the edges appear to
be shifted dightly to higher energy. For the Mo sol utions, shown in Figure 5, the pre-edge peak
appears to be shifted dightly to lower energy, asisthe edge. Both of these indicators suggest that
although the Mo is primarily +6, some fraction with alower oxidation stateis likely. Asthereis

10
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no explanation chemically for Mo reduction in these samples, the presence of an oxidation state
lower than +6 is likely due to reduction in the x-ray beam; however, further work is needed to
confirm this hypothesis.

Neither of the two standards, MoO, nor M0Os3, has similar nearest-neighbor Mo-O bond
lengths. For MoO,, thereis asingle length at 1.99 A, but for MoO3, there are two scattering
paths, one at 1.66 A and the second at 1.93 A. These numbers are within 0.02 A of those found
in the cal culations from crystall ographic measurements.

The spectrafor the Mo solutions exhibit atrend as a function of solution pH. The Mo-O
bond length gets longer as the acidity of the solution decreases, although the XANES shows that
the edge energy is the same. The pre-edge peak remains shifted to a dlightly lower energy,
perhaps indicating a small reduction of the average Mo valence.

Thefit results are shown in Table 2. The coordination number is rounded to the nearest
integer. The uncertainty is smaller than one unit, typically about 0.3, except for the pH 2 data,
which isfit best with only one longer Mo-O bond but has a higher uncertainty. Figure 6 shows
the imaginary component of the FT (not corrected for phase shift) for the three solutions. The
purpose of showing the imaginary component rather than the magnitude is to more easily see the
changes in bond length. In particular, the zero-crossing through about 1.3 A shows that the pH 0
sample has a shorter bond length than the other two samples, which are about the same. The
structure between 1.5 and 2.0 A shows a larger shift between all three samples.

Although it is not surprising, thereis no indication in the datafor alinear or nearly linear
arrangement of the two short Mo-O bonds. The absence of a strong multiple-scattering peak
precludes alinear arrangement; furthermore, it limits the maximum angle between the bonds.
This angle has not yet been estimated. The data also suggest the existence of alonger Mo-O
scattering path. Figure 7 shows how difficult it isto obtain reliable fit results for the 2.0-2.6 A
region.

The adsorbed Mo species are dl fairly smilar, at least for the two short Mo-O bonds.
These Mo-O are at about 1.73 A. Again, thereis no evidence of alinear or nearly linear O-Mo-O
arrangement for the two short Mo-O bonds. The peak of the FT is
shifted dlightly to higher R in the adsorbed species, since thereis

not abond at 2.2+/- A to interfere with the short Mo-O scattering TABLE 2 Nearest-
path. Neighbor Bond Lengths

and Coordination Numbers

Figure 8 indicates the similarity of the three spectra for Mo Solutions

presented. For these three samples, it is reasonable to conclude
that the Mo species are essentially the same, to thelimit of thedata  gympe N R (A)

quality. A peak is present at about 3.2 A (as shown in Figure 8, not

phase-shift corrected) that seemsto be due to an interaction of Mo pHO 2 1.690+0.010
with the support. If this assumption is made, the Mo-Ti distanceis 2 2203+0.013
about 3.50 A, although there is significant spread in the best it pH1 2 1720 * 0.010
values (+/- 0.06 A). It is also clear that in these samples, athird 2 o
scattering path is present (as shown in Figure 8) with a peak at 1 2280+0020
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about 2.7 A. This path is highly correlated with the presumed Mo-Ti path; therefore, it is not
possible to unambiguously identify the element responsible for this path. Mo, Ti, and O all fit
well, but O seems to be the best choice. This correlation aso has the side effect of limiting the

accuracy of al of the path parameters except for distance, and a coordination number cannot be
measured reliably.

Figure 9 adds two spectrathat are not similar. These are the samples with TS2 and
alumina substrates. The interaction of Mo with the support is not visible in these two spectra.
Figure 10 shows the fitting of adsorbed Mo on sorbent TSM.
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4 THE pH EFFECT OF NO(G), N2(G), AND H,0(G) LOSSFROM A 1 MOLAR
URANYL NITRATE, 0.1 MOLAR HNO; SOLUTION AT 80°C:
EQUILIBRIUM MODELS

4.1 INTRODUCTION

The pH cal culations were made by using the thermodynamic codes OLI ESP and
Release 3.0 of the GWB. Results from the two codes agree. The thermodynamic database used
for modeling was compiled from the literature (Wolery and Daveler 1992). In general, both
modeling codes use a Gibb'’s free energy minimization technique to determine the equilibrium
state of the system of interest. More specifically, the codes use the equilibrium constants for a set
of basis reactions to solve a matrix of mass and charge balance equations. Results from these
calculations feed into an iterative algorithm that converges on a unique equilibrium state for the
multicomponent, multiphase system of interest.

4.2 RESULTSAND DISCUSSION

Reactions athrough c in this section are used by the thermodynamic modeling code to
simulate how the loss of nitrogen or nitrogen oxide from the uranyl nitrate solution influences
the pH. No radiolytic species can be incorporated into this model in its current configuration
(it isstrictly an equilibrium model). Therefore, the results should be viewed only as being
perhaps informative but not as a mechanistic simulation of the process. In fact, we are concerned
that in its current state, this pH model istoo simplistic to yield quantitative results.

This concern is based on the requirement that all of the redox reactions calculated for this
system are written (in the thermodynamic database used by the code) in terms of O,
(Reactions a—). This assumes that O(-11) is being oxidized to O(net 0) as NO3™ is destroyed. This
may not be a good assumption for such a complex system (i.e., where energetic particles and
short-lived radiol ogic species are present). The implication of this assumption is that the increase
in pH caused by the loss of nitrogen or nitrogen oxides would not depend on the identity of the
nitrogen species leaving the system (Figures 11 and 12). However, writing the half-cell reactions
(al—c’) suggests that there could be a significant difference in how the pH changes depending on
which nitrogen speciesislost to the system (see list of reactions below for more details).

Thus the conclusion at this point is that we need to understand the system better before
this pH model can be used as supporting evidence for a process to adjust the pH during reactor
operation. Further, when the results of this model are presented, a qualification should be added
stating that the results are semiquantitative (i.e., a“step” toward understanding the real system).

Our ongoing work that will help resolve this issue includes conducting experimental

studies (measuring gas compositions from rel evant solutions under irradiation) and refining the
thermodynamic model to account for more complex redox reactions.
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FIGURE 11 Ny(g) “Negative’ Titration [Thereason the starting
concentration of NO3™ isbelow 2 molal is because approximately
0.2 molal UO,NO;" isalso present in the solution (not shown).]

The key reactions influencing the pH are as follows:
NO; + H' — 0.5N5(g) + 0.5H,0(L) + 1.250,(aq)
NO;™ + H" — NO(g) + 0.5H20(L) + 0.7502(aq)
NO; + H* — NO,(g) + 0.5H20(L) + 0.2502(aq)
The half-cell reactions are as follows:
NOsz + 56 + 6H+ — 0.5N5(g) + 3.0H,0(L)
NOs;™ + 3¢ + 4H" — NO(g) + 2.0H,0(L)

NOs™ + & + 2H" — NO(g) + H,0(L)

For more details on the reactions used in the model see Section 4.3, List of Selected

Reactions.

@
(b)
(©

(@)
(b")
(c)

These models cal cul ate the equilibrium conditions and speciation at every reaction step
and therefore do not account for the details of the real system (kinetics, actual mass|osses). The
starting conditions for these modelsare 1 L of 1 mol uranyl nitrate + 0.1 mol nitric acid at 80°C.
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4.2.1 Modeling Scenarios

(a) “Titrating” NO(g) and N(g) out of the solution: Note the pH plateau indicates the
onset of uranyl oxide hydrate precipitation.

(b)“Titrating” H,O(g) out of the solution: Neither nitrogen nor nitrogen oxide gasis
titrated out of the system for this model. The pH change is due only to the loss of H,O(g) (see
Figure 13). Since thisis an equilibrium modd, it essentially simulates the evaporation of water
from the system. This model was purposely taken to the extreme (half of the original water mass
was titrated out) to show that, even in this case, the effect on pH is minor (starting solution=1 L
of 1 mol uranyl nitrate + 0.1 mol nitric acid at 80°C).

These simple equilibrium models suggest that the loss of nitrogen or nitrogen oxide gas
will probably have a much stronger effect on the pH of the solution than a decrease in the mass
of the solution would. However, since kinetic effects are not accounted for, these results should
be viewed only as possibly being informative calculations rather than as process simulations.

4.3 LIST OF SELECTED REACTIONS

Thefollowingisalist of selected speciation and redox reactions (focused on nitrogen
species) that are included in the model. The list of reactionsis roughly ordered by oxidation
state; it starts with N(V) species and works down to N, (accounting for acid dissociation
reactions and gas solubilities aong the way). The thermodynamic code solves a matrix of mass
and charge bal ance equations that are determined by the equilibrium constants for the reactions
listed below (not all reactionsin the model are shown). By “titrating” nitrogen or nitrogen oxide
out of the system, these reactions are “pulled” in adirection that favors a decrease in the
hydrogen ion concentration/activity (see overall Reactionsaand b). Also included at the end of
Section 4.3 are Eh versus pH diagrams that summarize the redox rel ationships between key
nitrogen species (see Figure 14).

UO,(NO3), <> U0, + 2NO5~ 1)
HNOjs(aq) <> H* + NOs~ )

HNOjz(aq) <> HNO3(g) ©)

NO; + H* > NO(aqg) + 0.250,(aqg) + 0.5H,0(L) 4)

Redox Reaction 4: N(V)/N(IV) written in terms of half-cell reactions:
NOz + €& + 2H" < NO5(aq) + H,0(L) (4a)

0.5H,0(L) <> 0.250,(aq) +& + H* (4b)
NO3z + H" <> NO(ag) + 0.250,(aq) + 0.5H,0(L)
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FIGURE 14 Redox Relationships between Species[In this case, the redox relationships between
nitr ogen species are shown in Eh versus pH diagrams, where Eh isthe redox potential of the bulk
solution (accountsfor all redox couplesin equilibrium) relativeto the standard hydrogen electrode
(H*(aq) + 26" — 0.5H,(g): Standard potential = 0). (a) Therelationship is calculated for a case
wherethe formation of Nx(g) isnot kinetically inhibited. (b) Thereationship is calculated for a case
wher e N,(g) isassumed to be kinetically inhibited from forming.]

NOx(aq) <> NO2(g) (5)

2NO,(aq) < N,O4(aq) (6)

N204(aq) <> N204(Q) (7)

NOx(aqg) + 0.5H,0 < NO; + 0.250(aq) + H' (8)

Redox Reaction 8: N(IV)/N(111) written in terms of half-cell reactions:

NOy(ag) + € <> NO3~ (8a)

0.5H,0(L) <> 0.250,(aq) + € + H” (8b)
NO,(ag) + 0.5H,0(L) <> NO,™ + 0.250(aq) + H*

NO, + H" <> HNO,(aq) 9)

HNOx(aq) <> HNO(Q) (20

NO,™ + H* < NO(aq) + 0.2505(aq) + 0.5H,0 (1)
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Redox Reaction 11: N(111)/N(Il) written in terms of half-cell reactions:
NO, + € + 2H" «> NO(g) + H,O(L)

0.5H20 <> 0.250(aq) + € + H+
NO,™ + H" <> NO(aq) + 0.2505(ag) + 0.5H,0(L)

NO(aq) <« NO(g)

2NO(aq) <> N2(aq) + Oz(aq)

Redox Reaction 13: N(11)/N(net 0) written in terms of half-cell reactions:
2NO(g) + 4e + 4H+ < Ny(g) + 2H,0

2H,0(L) > Ox(aq) + 4e + 4H"
2NO(aq) <> Na(aq) + Oz(aq)

N2(aq) <> N2(Q)

Other Important Reactions:
H20(L) < H20(g)

H2O(L) < Haz(aq) + 0.502(aq)

Redox Reaction 16: O(-I1) to O(net 0) written in terms of half-cell reactions:
H,O(L) < 0.50(g) + 2e + 2H"

2H" + 26 Ha(ag)
H2O(L) < H(aq) + 0.50,(aq)

Oz(aq) < O2(9)
Ha(aq) <> H2(Q)

H,O, «— O.SOZ(aq) + Hzo(l_)
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Redox Reaction 19: O(111) to O(net 0) written in terms of half-cell reactions:
H,O, + 26 + 2H" & ZHzo(L)

H,O(L) < 0.50(g) + 2e + 2H"
H,O5 < 0.502(8C|) + Hzo(L)

Fe+ 3H" + 0.750,(ag) + NOs~ — FeNO3z** + 1.5H,0(L)

Redox Reaction: Fe(0)/Fe(l11) written in terms of half-cell reactions:
Fe+NO; < 3¢ + FeNO;™
3H" + 0.750,(g) + 3™ > 1.5H,0(L)
Fe+ 3H" + 0.750,(ag) + NO;~ <> FeNOz** + 1.5H,0(L)
Reactions Counteracting pH Increase:
FeNOz?" + 3H,0(L) <> Fe(OH)3(s) + 3H" + NOy
UO,%" + 3H,0(L) <> UO3:2H,0(s) + 2H"

U0, + 4H;0(L) + H;0; > U0,05:4H,0(s) + 2H*
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5 PRELIMINARY RESULTSFROM URANYL PEROXIDE
PRECIPITATION EXPERIMENTS

5.1 INTRODUCTION

During operation of the MIPS, hydrogen peroxide will be produced by the radiolysis of
water. The rate of H,O, generation is proportional to the energy absorbed by the water. If the
steady- state concentration of H,O; is high enough, the solid uranyl peroxide may precipitate.
Excessive amounts of this precipitate would lower the concentration of uranium in the fuel and
produce loca “hotspots’” and might induce corrosion. The purpose of this study isto determine
the stability of uranyl peroxide for conditions relevant to the MIPS.

5.2 EXPERIMENT

Hydrogen peroxide was added to 100 mL of 0.63 mol/L (150 g/L) uranyl nitrate solution
at pH = 1 such that the hydrogen peroxide concentration upon the addition was 0.4 mol/L
(see Experiments 1, 2, and 3 in Table 3). The addition of hydrogen peroxide diluted the uranium
in the samples to 0.57 mol/L (135.7 g/L).

Upon addition of the hydrogen peroxide to the fuel stimulant, afine-grained uranyl
peroxide solid precipitated immediately. This procedure was done for three separate
experiments. The concentration of uranium for these samples was measured by inductively
coupled mass spectrometry for each sample at three different time intervals. Two of the
experiments were run at 80°C, while one was run at 25°C. All of the experiments were
performed in Teflon screw-cap vessels. One of the experimental vessels (3) contained a layer
(1 g) of 304L stainless steel granules.

In three other experiments (under-saturation tests), 0.63 g of previously precipitated
uranyl peroxide (probably UO,0,:4H,0) was washed three times in deionized water and added
to 100 mL of sodium nitrate solution at pHs of 0, 1.1, and 2.1 (see Experiments 4, 5, and 6,
respectively, in Table 3).

5.3 PRELIMINARY EXPERIMENTAL RESULTS

The results of the experiments and the experimental conditions are shown in Table 3. The
precipitation of uranyl peroxide solid decreased the uranium concentration in the fuel solution to
0.2 M (47.6 g/L) when no steel was present and to 0.46 M (109.5 g/L) when steel was present.
Within 24 hours at 80°C, the uranium in the simulated fuel increased to 0.48 M (114.2 g/L), and
within 6 days at 80°C, the simulated fuel reached a concentration of 0.57 M (135.7 g/L). The
dissolution kinetics for the uranyl peroxide solid and/or the H,O, decomposition rates for the
lower-temperature samples were slower, reaching a uranium concentration of 0.48 M (114.2 g/L)
after 6 days. The sample with a steel layer showed asmaller initial decrease in its uranium
concentration, but then the concentration remained relatively constant for the 6-day experimental
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TABLE 3 Concentrations (by Inductively
Coupled Plasma M ass Spectrometry) and
Experimental Conditionsfor Uranyl Peroxide

Stability Tests
Time Reacted
Test (days) pH U(mol) T(°C)
1 Initial 1 0.21 80
1 1 1 0.48 80
1 6 1 0.57 80
2 Initial 1 0.46 80
2 1 1 0.44 80
2 6 1 0.45 80
3 Initial 1 0.19 25
3 1 1 0.26 25
3 6 1 0.48 25
4 Initial 0 4.17E-05 80
4 1 0 3.64E-04 80
4 6 0 1.68E-02 80
5 Initial 1 1.74E-06 80
5 1 1 8.28E-03 80
5 6 1 2.13E-02 80
6 Initial 2 5.84E-07 80
6 1 2 2.31E-04 80
6 6 2 4,15E-02 80

period. Thisis believed to have been caused by the chemisorption or reductive precipitation of
uranium on the steel surface, which turned from shiny silver to black during the duration of the
experiment.

These findings are preliminary results from ongoing experiments that will be used to
determine the stability of uranyl peroxide under conditions relevant to the MIPS. The key results
so far suggest that a uranyl peroxide solid could possibly form under certain conditions
(depending on the steady-state concentration of H,O, during reactor operation). However, due to
the rate of destruction of H,O, at the relevant temperature (80°C), it islikely that the fuel
solution will remain undersaturated with respect to uranyl peroxide aslong as the solution pH
remains <2. But again, more experimental data are needed to verify these findings.

54 MODELING RESULTS

The uranyl peroxide stability cal culations were made using the thermodynamic by using
the codes OLI ESP and “ Geochemist’s Workbench,” Release 3.0 of GWB. The results from the
two codes agree. The thermodynamic database used for modeling was compiled from literature
sources. In general, both modeling codes use a Gibb' s free energy minimization technique to
determine the equilibrium state of the system of interest. More specifically, the codes use the
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equilibrium constants for a set of basis reactions to solve a matrix of mass and charge balance
equations. Results from these calculations feed into an iterative algorithm that converges on a
unique equilibrium state for the multicomponent, multiphase system of interest.

The stability of UO,0,:4H,0 as afunction of hydrogen peroxide concentration and pH is
shown in Figure 15. This diagram is plotted for a uranium concentration of 0.63 M uranyl nitrate,
and the pH isvaried as HNOj;. This diagram impliesthat at pH = 1, the steady-state
concentration of uranyl peroxide would have to be approximately 1 x 10™° M for the fuel
solution to become saturated with respect to uranyl peroxide.

Figure 16 shows two modeling scenarios in which 0.63 mol uranyl nitrate is assumed
while the pH is varied as HNOs. The plots show the amount of uranyl peroxide that would
precipitate for a steady-state H,O, concentration of 1 x 10 (a) and 1 x 107° (b). These model
runs indicate that at an H,O, concentration of 1 x 10°, the fuel solution would not become
saturated with respect to uranyl peroxide at pH = 1, but it would become saturated if the pH
increased to around 2. Figure 16 also shows the speciation of uranium within the fuel asa
function of pH. Note that the concentration of uranium is predicted to decrease dramatically
when the uranyl oxide hydrate schoepite precipitates at a pH of around 3.0, indicating that such a
condition isto be avoided during MIPS operation.

_3 1 1 ) ) ) ) )

]
1
[H,0] = 1,1[049)] = 107%*?Decoupled: H,0,

++ -

log a H,O,

afmar = 103t
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10IIIIIII25°C
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Diagram UO}", T = 25°C, P = 1.013bars,

FIGURE 15 Activity Diagram Showing the Stability Field of Uranyl
Per oxide (UO,0,:4H,0) as a Function of H,O, concentration and pH
(The uranium concentration for thisdiagram is0.63 M, and the pH is
adjusted asHNO3.)
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6 CONCLUSION

Each of the four studies discussed represents ongoing work that will become more
guantitative as the project continues. These modeling and preliminary experimental studies are
useful in pointing out what type of data are needed to produce a more realistic working model of
the MIPS system. As these projects continue, they will produce the type of results needed to
determine the optimal conditions and materials for both reactor operation and mol ybdenum
extraction from the fuel. The future work for each project isidentified in Section 1.3.
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