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Environmental Impact Statement

Neptunium-237 is a long-lived radioisotope and a risk-driver during the subsurface disposition of
nuclear materials due to its high mobility and acute radiotoxicity. The solubility of neptunium
dioxide (NpOy(s)) is a key measurement for environmental fate and transport given that oxides

9 are a common actinide storage and disposition waste form. Reported solubilities of actinide

10 dioxide solids vary by orders of magnitude without sufficient explanation. In this work,
dissolution experiments supported by high resolution microscopy (previously unreported)
suggest that variations in solubility stem from differences in free energy driven by calcination

14 temperature and resultant particle size of the material.
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ABSTRACT:

Comprehensive thermodynamic understanding of nuclear materials is paramount for
long-term management of legacy nuclear waste and commercial spent nuclear fuel. Actinide
oxides (AnO,(s)) are ubiquitous materials throughout the nuclear fuel cycle, yet existing
thermodynamic data has noticeable discrepancies, creating uncertainty in environmental
prediction of the fate of nuclear materials. The microstructure of actinide oxides, particularly
neptunium (Np) and plutonium (Pu), is rarely investigated using high resolution electron
microscopy, but such features may illuminate why differences in solubility measurements
persist. The aim of this study was to synthesize NpO,(s) at varying calcination temperatures,
characterize the materials using high resolution electron microscopy, and perform batch
solubility studies to measure total dissolved Np as a function of calcination temperature. The
current work demonstrates the sizable differences in dissolution of NpO,(s) based on process
conditions, such as the temperature at which the material is calcined and resultant particle size,
and the need for more thorough evaluation of the microstructure of solid phases used to generate
thermodynamic data of actinides.
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Introduction

Proposed geologic disposal of commercial spent nuclear fuel, along with ongoing

management of legacy nuclear waste, necessitates prediction of environmental fate and

transport of actinide solid phases, which comprise a majority of long-lived nuclear waste

products. Actinide dioxides (AnOy(s)) are key solid phases throughout the nuclear fuel

cycle. Commercial spent nuclear fuel is primarily composed of uranium dioxide

(UO4(s)), with other actinide dioxides, including plutonium and neptunium dioxide

(PuOy(s) and NpOy(s), respectively), present as substitutions in the polycrystalline fuel

grain matrix'-2. Dioxides are also commonly used as stable storage forms for PuO,(s)

and NpOy(s) due to their predicted thermodynamic stability. Given their ubiquity

throughout the nuclear fuel cycle and profound insolubility®-7, actinide dioxides are

considered an important and solubility limiting solid phase for prediction of environment

fate and transport of actinides.

Reported aqueous solubility data for actinide oxides vary by orders of

magnitude? ® but reason for such variation has not been adequately explained. Particle

size and nanocrystalline solid phases® 6, as well as amorphous hydroxide or hydrous
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oxide phases? &, have been proposed as potential sources of discrepancy in aqueous

solubility data sets. The current work hypothesizes that such discrepancies are due to

surface energy effects in nanocrystalline actinide dioxides. This hypothesis is

supported by recent advances in high temperature melt calorimetry®-'1, which have

allowed for measurement of surface energy of metal oxide materials, including iron'2,

zirconium?3, titanium3, manganese'#, and uranium'® oxides, indicating that phases

considered to be metastable are actually thermodynamically stable as nanograined

solids. As such, nanograined solids with high surface energy may persist, rather than

coarsening to lower free energy states, due to spatial or kinetic constraints'3. While

inconsistencies between actinide dioxide solubility data sets are acknowledged

throughout the literature, lack of advanced solid phase characterization, particularly

imaging of actinide dioxide particle morphology and texture, makes it difficult to validate

hypotheses for sources of variability. Solid phases used in actinide solubility studies are

typically amorphous hydrous oxides or hydroxides?, rather than pure, crystalline

dioxides. Precipitation of these materials is achieved through low temperature alkaline

hydrolysis, where acidic Np(IV) stock solutions are rapidly neutralized using NaOH to
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pH values of 8-104 7. 1619, More recent advances in actinide characterization techniques

have revealed that such precipitates are nanocrystalline solids2% 2!, With the

advancement in solid phase characterization techniques for actinide materials, it is

possible to identify if the reactivity differences observed in other metal oxides for

nanograined solids are also present for nanograined transuranic oxides.

Crystalline actinide dioxides are reliably produced through oxalate precipitation

and subsequent calcination, which has been the standard method since the 1960s

when it was first employed for both Np and Pu?2 23, Early work on actinide oxalates and

subsequent oxide conversion varied oxalate precipitation parameters as well as

calcination temperature to achieve ideal product for storage and transportation of

nuclear materials. This method was originally optimized for high chemical yield of

actinides, low moisture adsorption, and particle size?*27. Oxalate morphology can be

altered through variation of initial precipitation parameters (pH, concentration of actinide

stock, stirring speed, addition rate)?+2%, but most studies suggest that morphology is

preserved during calcination and that surface area and particle size both decrease

during calcination2# 30, Given the age of the initial studies, electron microscopy
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techniques were limited, and published electron micrographs are on the scale of

microns (1-100s of micron)2% 3%, making it difficult to confirm the microstructure of the

synthesized materials. More current literature on actinide oxalates has focused on

identifying solid phases present during decomposition and calcination using

thermogravimetric analysis (TGA) and high temperature x-ray diffraction3’-32. These

works show that conversion is complete in air by 400 degrees Celsius for both thorium

and plutonium, producing a number of carbonate and oxalate intermediaries as well as

releasing volatiles such as water vapor, CO,(g), and CO(g). While the mechanisms of

degradation have been elucidated in recent literature, the morphology and

microstructure of actinide oxides produced through oxalate decomposition, particularly

for transuranic elements (Np, Pu), are largely unknown.

Unlike transuranic oxides, UO,(s) microstructures are well-documented,

particularly the formation process of such features. High-temperature annealing,

commonly performed for fuel pellet production, recrystallizes UO(s), causing formation

and migration of grain boundaries in the polycrystalline material33-36. Grain size after

annealing is found to be a function of annealing time and temperature, with higher
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temperatures and longer time producing larger grain size in the polycrystalline

structure3®. A very recent study on nanograined PuO,(s) and ThOy(s), produced

oNOYTULT D WN =

11 through calcination of oxalate precursors, identified that increasing calcination

14 temperature increased particle size, as well as decreased structural defects in the

18 nanograined solids3’. Microstructure in polycrystalline oxides can have effects on

21 dissolution, such as preferential dissolution at grain boundaries, which has been

25 reported for CeOy(s)38 39, ThO,(s)*°, and UO,(s)*'-42. While grain boundary facilitated
28 dissolution has been recently reported for NpO,(s)*3, characterization of the effect of
microstructures in NpOy(s) and PuOy(s) is still limited.

35 In light of the potential variability in microstructure based on synthesis
parameters (namely, calcination temperature and time) and the potential effects of

42 microstructure on dissolution, more systematic synthesis and characterization of the
microstructure of transuranic oxides may be used explain reported actinide oxide

49 solubility data set discrepancies. Given the recent literature on polycrystalline NpOy(s)
dissolution mechanisms*3, corresponding field studies on dissolution and transport from

56 NpO,(s)** and significant production of polycrystalline NpOy(s) via calcination at U.S.
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Department of Energy (DOE) Savannah River Site (SRS) for 238Pu targets*®-47, the

further characterization and dissolution of NpO,(s) has been chosen for study. 23’Np is

a long-lived radionuclide that is found both at DOE sites, such as SRS, as well as in

spent nuclear fuel2. While highly insoluble under reducing conditions, if oxidized, Np is

highly mobile in the environment*®-°0, making it a risk-driver for environmental

assessment.

Experimental

NpOy(s) Synthesis

Caution: 23”Np is an alpha-emitting radionuclide and safe handling requires appropriate

facilities and qualified personnel. These experiments were conducted in licensed

laboratories at Clemson University.

NpOy(s) was synthesized via calcination of Np(IV)-oxalate. Neptunium oxalate is

a commonly used precursor for NpO,(s)?3 46.47. While Np oxalate is typically prepared

in HNOj3, synthesis was performed in HCI to maintain Np(lV) in solution without

chemical reductants that could potentially alter the structure of the final NpOy(s)

product. Plutonium(lV) oxalate has been reported to be prepared successfully in HCI,
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supporting use of HCI. 23’"Np(IV) stock was prepared by bubbling 95% N./5% H, gas

through Np(V) solution in 1N HCI in the presence of powdered platinum (Pt) black

catalyst (Alfa Aesar), stirring constantly for 45 minutes, similar to methods reported by

Strickert et al.52 and Nakamura et al.53. 23’Np concentration and oxidation state in the

stock solution were measured using ultraviolet-visible spectroscopy (UV-VIS) and

compared to reference peak locations for Np(IV) and Np(V) from Yoshida et al.>4. The

final stock solution was 100% Np(IV) and had a final concentration of 5.96 mM Np(IV)

(Figure S1).

To precipitate Np(IV)-oxalate, 10 mL of the Np(IV) stock in 1N HCI was added to

a 30 mL Teflon vial on a magnetic stir plate in a fume hood. The solution was

constantly stirred at 500 rpm throughout the precipitation. Oxalic acid (6.67 mL, 0.25M)

was added in 148 uL increments over 45 minutes to reach a final concentration of 0.1M

oxalic acid in solution. Precipitation of solid was evident after approximately 20

minutes. After complete addition of oxalic acid, solution was stirred for an additional 30

minutes, then solid slurry was transferred into a 15 mL centrifuge tube and centrifuged

for 10 minutes at 9000 rpm in a Beckman Coulter C1015 fixed-angle rotor to separate
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out solids >100nm, according to Stoke’s Law®®. A green powder was visible at the tip of

centrifuge tube (Figure S2) and was transferred into doubly contained porcelain

crucibles for calcination. A small amount of the initial Np(IV)-oxalate was reserved for

future characterization. Samples were allowed to air dry for approximately 1 hour

before transferring into furnace.

Np(lV)-oxalate was calcined at varying temperatures, ranging from 400-900°C in

a multi-segment programmable furnace (Thermo Scientific Lindberg/Blue M). The

lowest selected temperature was 400°C based on Th and Pu oxalate decomposition

literature, which indicates that conversion to the pure oxide phase is complete around

400°C31. 32, Calcination temperature was increased at 100°C intervals to provide large

enough temperature steps to ensure distinct differences between samples, and 900°C

was chosen as the highest temperature because most transuranic oxides (Np, Pu) are

prepared at a maximum of 900-1000°C?2 2530, 46,47.56 Though there are not studies

directly with Np, no additional phases changes in ThO,(s) and PuO,(s) systems have

been observed up to 1000 °C and thus the pure NpO,(s) phase is expected3': 32,

Masses of NpO,(s) produced, as well as radiation protection limitations, prevented the
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collection of XRD patterns for the NpO,(s) used in this work. Samples were first held at

150°C for 1 hour to fully dehydrate the oxalate, then ramped at a speed of 100°C/hour

oNOYTULT D WN =

11 to final calcination temperature (400, 500, 600, 700, 800, or 900°C). Samples were held

14 at final temperature for 12 hours, then cooled at 100°C/hour to 25°C.

NpOy(s) Characterization

21 Final calcined product was characterized using scanning transmission electron

25 microscopy (STEM) to probe surface morphology and grain size. After calcination,

28 solids were rinsed and suspended in ethanol, then 3 uL of NpOx(s) suspension was

casted directly onto a copper-coated lacey carbon grid (300 mesh). Excess liquid was

35 blotted from the grid with a Kimwipe and grids were covered to prevent dust deposition

and left to dry prior to analysis. A Hitachi HD2000 scanning transmission electron

42 microscope was used for STEM imaging at an accelerating voltage of 200kV. Initial

Np(IV)-oxalate was characterized using STEM in the same manner as the calcined

49 NpOy(s). Average grain size of NpO,(s) was calculated from electron micrographs

using ImagedJ software using the measurement of the diameter of 100 grains for each

56 temperature.
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NpOy(s) Dissolution

NpOa(s) produced at six different calcination temperatures was dissolved in

identical conditions to determine the effect of calcination temperature on dissolution.

For each calcination temperature, initial mass of dry solid used in dissolution experiment

was determined gravimetrically. Dissolution experiments were performed under

atmospheric conditions at pH 3 in 0.1M sodium perchlorate background solution.

Oxidizing conditions were selected as representative of potential environmental

conditions. Given the experimental conditions, oxidative dissolution of NpOy(s) is

expected to produce Np(V) aqueous species, thus preventing demonstration of reversal

in the current work. Between 1-2 mg of NpO,(s) was dissolved in 1mL background

solution over 10 weeks (kinetic data presented in Figure S3), held at 25°C and

constantly stirred on an orbital shaker at 90 rpm. Initial pH and E;, of background

solution were measured, then pH of each reaction was measured at each sampling

event (average pH across all samples was 3.05 + 0.02; data for all replicates in Table

S1). E;, was measured over time by proxy in a stored sample of background solution.

At each time point, 10uL was sampled and immediately diluted to 1mL in deionized
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water, centrifuged for 10 minutes at 9000 rpm in a Beckman Coulter C1015 fixed-angle

rotor to remove particles >100nm according to Stoke’s Law®®. A 0.5 mL aliquot of

oNOYTULT D WN =

11 sample was filtered using a Pall centrifuge filter (10kDa MWCO), while the remaining

14 sample was reserved as unfiltered. Both filtered and unfiltered sample were diluted with

18 2% HNO; for 23’Np concentration analysis in the aqueous phase via inductively-coupled

21 plasma mass spectrometry (ICP-MS).

25 A secondary dissolution was performed after 10 weeks of initial dissolution. The

28 aqueous phase from each reaction was removed completely and 1mL of fresh pH

3/0.1M sodium perchlorate solution was added to each reaction vessel. Samples were

35 once again held at 25°C and constantly stirred on an orbital shaker at 90 rpm for an

additional 10 weeks during this secondary dissolution. The 23’Np concentration was

42 measured using ICP-MS as done in the first dissolution experiment.

47 Results and Discussion

51 NpO.(s) was calcined from Np(IV)-oxalate precursor at temperatures ranging

>4 from 400°C to 900°C. Products were characterized using scanning transmission
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electron microscopy (Hitachi HD2000 at 200kV). Electron micrographs showed a strong

correlation between calcination temperature and grain size of NpOy(s). As calcination

temperature of NpOy(s) increased from 400°C to 900°C, grain size increased by more

than an order of magnitude (Figures 1 & 2). At lower magnification, individual grains

were not visible in the sample prepared at 400°C (Figure 1, top left). At higher

magnification, individual grains were visible in all samples (Figure 2), but for samples

prepared at 800°C and 900°C, a single grain takes up the entire field of view. Average

grain size was calculated to be approximately 11 nm at 400°C calcination and increased

to 371 nm at 900°C calcination (Table 1). While grain growth due to high temperature

annealing is well-documented for UO,(s)33-36 and has recently been reported for

calcined ThO,(s) and PuO,(s)3’, comparable imaging has not been previously reported

for NpOa(s). Many of the existing micrographs of NpOy(s) and PuOy(s) were taken at

much larger spatial scales than achieved in this current work, making it possible that

many of the previously reported materials had similar microstructure that were simply

beyond the resolution of instrumentation.
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Figure 1: Scanning transmission electron micrographs of NpO,(s) calcined at 400-900 degrees Celsius at 70.0k
magnification.

100 nm 100 nm 100 nm

Figure 2: Scanning transmission electron micrographs of NpO,(s) calcined at 400-900 degrees Celsius at 300.0k
magnification.
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Calcined NpOy(s) materials were first dissolved over 10 weeks at 25 °C (pH

3/0.1M sodium perchlorate, showing decreased dissolution for solids calcined at higher

temperature. After the initial 10 weeks, total dissolved 23’Np was two orders of

magnitude higher for the product calcined at 400°C than for the product at 900°C

(Figure 3). The logarithm of 23’Np concentration (molar) exhibits a linear relationship

with calcination temperature (in degrees Celsius), as shown in Figure 3. Originally, we

considered that the large differences in 22’Np concentration may be the result of an

amorphous or non-crystalline phase, which is a common hypothesis for solubility

differences in actinide oxide literature® 5 6. To test this hypothesis, after 10 weeks of

dissolution, the aqueous phase of each reaction was removed, and the solution

replaced with fresh pH 3/0.1M sodium perchlorate solution. If an amorphous phase

were present on the initial material in varying quantities, dependent on calcination

temperature, a secondary dissolution experiment after the initial “washing” during first

10 weeks should yield similar concentrations of total dissolved Np in all samples,

regardless of calcination temperature. The secondary dissolution data shows a two-

order of magnitude difference between 400°C and 900°C samples, consistent with the



Page 17 of 25 Environmental Science: Nano

trend of the first dissolution experiment, though all concentrations are approximately

one order of magnitude lower than the initial dissolution. The trend in dissolution data

oNOYTULT D WN =

11 with respect to calcination temperature is preserved, and the uniform drop in

14 concentration in the second dissolution indicates the present of a small amount of

18 amorphous material in all samples, regardless of calcination temperature.

36 Table 1: Average grain size of NpO,(s) based on varying calcination temperature.

38 Calcination Average Grain Size
39 Temperature (°C) (nm)

41 400 11.05 +2.78
500 20.18 +5.35
46 600 4477 +29.44
48 700 94.14 + 33.90
>0 800 213.78 + 81.05

53 900 371.80 £+ 126.50
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Rather than varying amounts of an initial amorphous phase, the significant

difference in total dissolved 23’Np can be attributed to free energy differences of the

materials, stemming from the noticeably variant particle sizes. Smaller particle sizes, as

seen in the lower calcination temperature samples (Figures 1 & 2), correspond to higher

surface area and reactivity. As Navrotsky and colleagues have established for other

metal oxides, particle size and surface area have a pronounced effect on surface energy

of materials'>15. Higher surface area materials, such as nanograined solids, exhibit

considerable excess surface energy, which is due, in part, to greater amount of surface

defects with respect to bulk solids. The correlation between increasing calcination

temperature and a decrease in surface defects has also recently been established for

nanograined ThO»(s) and PuO,(s) using spectroscopic techniques®’. As temperatures

increase during calcination, recrystallization of NpO,(s) decreases surface defects and

increases particle size, in turn increasing the ratio of crystalline bulk to disordered surface

bonds. Thus, NpO,(s) calcined at higher temperatures, which exhibits large primary grain

size, is more stable and less soluble than the nanograined solids produced at lower

temperature.
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30 X Initial Dissolution
1 Second Dissclution
Intercept  Slope R-Squared
Initial -2.31 -0.0034 0.91
-3.60 -0.0031 0.86

oNOYTULT D WN =

-3.5

Second

Log[Np]

50 - T

17 S5 0 ..

cee.
L

19 -6.0

21 6.5

-7.0
300 400 500 600 700 800 900 1000
26 Calcination Temperature (degrees Celsius)

Figure 3: Aqueous log[Np] after 4 weeks of dissolution as a function of calcination temperature of NpO,(s). Error
bars are hidden by data markers.

33 Conclusion
NpO,(s) produced at six temperatures, ranging from 400 to 900°C, showed grain sizes

38 that varied from 11 to 371 nm, respectively. Subsequent aqueous dissolution data of

4 the solids revealed that total dissolved Np varied by two orders of magnitude between

45 400°C and 900°C samples. Increasing calcination temperature, a relevant process

48 condition for spent nuclear fuel reprocessing, decreased apparent solubility of NpOy(s),

52 which is congruent with particle size-controlled dissolution. The observed substantial

55 increase in grain size may be due to recrystallization of the material under increasingly
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high temperatures. Recrystallization may change the surface energy of the material and

subsequently impact free energy of the system. There is also likely a corresponding

decrease in surface area of the material at higher temperatures. This work provides

unique imaging of the microstructure of NpO,(s), along with aqueous dissolution data as a
function of calcination temperature, revealing the potential for significant changes in material
stability as a function of process conditions. Overall, the data indicate a need to critically
evaluate existing thermodynamic data of transuranic oxides to account for potential differences
in microstructure relating to calcination temperature, as well as other relevant process conditions,
and to apply more advanced imaging techniques to future actinide solubility studies to address
reported discrepancies in actinide oxide solubility data in the literature and potential reversibility
of dissolution reactions. While this study has not measured surface energy of NpO,(s), it
suggests an urgent need for thermodynamic measurements of highly characterized transuranic
oxides using high temperature melt calorimetry to elucidate the reason for observed orders of
magnitude difference in dissolved 2*’Np and provide quantitative thermodynamic data, as has
been explored for other metal oxides. NpO,(s) grain size evidently varies dramatically based on
process conditions such as calcination temperature, and variation causes significant effect on
dissolution, with far-reaching implications for overall stability of nuclear materials in the

environment.
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