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ARTICLE INFO ABSTRACT

Keywords: Ammonium diuranate (ADU) is commonly encountered in the nuclear fuel cycle; however, pre-
Ammonium diuranate vious investigations have shown that ADU is a complex mixture of distinct compounds. Moreover,
ADU

production parameters are known to heavily influence the composition of the resulting ADU.
Here, we examine four samples of ADU prepared at Oak Ridge National Laboratory (ORNL), and
one sample of ADU made at Pacific Northwest National Laboratory (PNNL), with the goal of
further characterizing and elucidating the effect of processing parameters such as stir rate, strike
direction, and temperature on material composition. Process parameters during ADU precipita-
tion at ORNL and PNNL were well documented, and we relate process variables to optical
vibrational spectroscopic signatures observed using Raman and infrared (IR) spectroscopy. In
addition, powder X-ray diffraction (PXRD) reveals differences in the solid-phase composition of
ADU precipitates, but we find that the primary phase is similar to the uranyl oxyhydroxyhydrate
mineral metaschoepite. Despite the significant phase contributions of a metaschoepite-like phase,
spectroscopic evidence of both nitrate and ammonium are observed for all samples. To gain a
more holistic understanding of spectroscopic features of process parameters in ADU, principal
component analysis (PCA) is employed and results in observable signatures that relate to the stir
rate used during synthesis. These results provide further information about the process-
dependence of ADU precipitate composition.

Uranyl hydroxide
Uranium ore concentrate
Raman spectroscopy
Nuclear forensics

1. Introduction

ADU is ubiquitous in nuclear fuel cycles and is an important intermediate material employed in conversion from uranium ores to
uranium oxides. The production of ADU can involve precipitation from uranyl nitrate solutions via addition of gaseous or aqueous
ammonia and is followed by conversion to U3Og before reduction to uranium dioxide (UOj) for fuel fabrication. Despite well-
established process flow sheets that involve ADU, the stoichiometry of this phase is as variable as the production parameters used
to prepare it. In fact, recent work highlights inconsistencies in the literature that were first proposed in the middle of the twentieth
century [1,2] about the nomenclature and composition of ADU, with the consensus being that ADU is likely a misnomer and that the
material is closer to a multiphase mixture of (UO3)3NH3-5H,0 and (UO3)>NH3-3H20 [3].
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In early investigations of this phase, Cordfunke [4] and Debets and Loopstra [5] delineate several possible solid phases that may
result from aqueous equilibrium of NH3-UO3-H20 and present powder X-ray diffractograms for these. On the other hand, Stuart and
Whatley [6] used IR spectroscopy and found no evidence of distinct phases. Cordfunke [1], however, shows the variability present in
solid phases precipitated from solutions containing NH3-UO3-Hp0—also by IR spectroscopy—and this variability is frequently
confirmed in the literature [7]. Hence, the overall consensus seems to indicate that ADU is likely a combination of distinct compounds.

With regard to the morphology of precipitates of ADU, details about the solid-phase morphology related to the precipitation
conditions for ADU phases are abundant. The temperature, pH, ammonium concentration, and stir rate [3,8-10] of the solution from
which ADU is precipitated using either gaseous or aqueous ammonium hydroxide (NH4OH) are recognized as contributing factors to
variability of both crystallite size and morphology of solid-phase products [11]. Likewise, the addition of ammonia to a uranyl solution
(forward strike) or uranyl to an ammonia solution (reverse strike) can result in variable reaction products. These influences persist
through later stages of solid-phase processing when ADU is converted to uranium oxides [12,13]. Differences in thermal decomposition
behavior of ADU are also noted as potential indicators of process history [14]. ADU and uranyl oxyhydroxyhydrate phases have been
observed on UO, during aging studies, again illustrating the variety of formation conditions that can lead to ADU and highlighting the
importance of provenance determination for nuclear materials [15]. Thus, correlations between process parameters and physical
appearance can be employed to provide insight into process history of materials composed of, or from, ADU.

More recently, Bonales et al. provide an excellent systematic study [16] of the Raman spectroscopic signatures of ADU as a function
of preparation conditions. These researchers summarize existing optical vibrational spectroscopic data that appear in the ADU liter-
ature [17-21] and provide a detailed analysis of spectra collected for ADU precipitated with various NH4OH concentrations. Although
the work by Bonales et al. provides important insight about the precipitation mechanisms of ADU and some details about solid-phase
precipitates as they relate to safe operation of processing facilities, the focus here is on establishing correlations between solid-phase
ADU and the processes used to form it as potential indicators of material provenance. Building from the previous investigations of this
material—specifically, the identification of multiple solid-phase components of ADU precipitates and the apparent sensitivity of those
materials to processing conditions—we employ a combination of optical vibrational spectroscopy and PXRD to correlate crystal phase
and spectroscopic properties of ADU precipitates to differences in material preparation parameters. We use the current state of the
literature to examine samples of ADU prepared at ORNL and PNNL with varied production parameters. First, we identify the multi-
phase mixtures that result from various ADU precipitations using PXRD. Then, we compare multiple Raman spectra collected on each
sample of ADU to assess sample homogeneity and potential intrasample variability. Raman and IR spectra collected for all samples are
then compared and discussed to describe the intersample variability that may originate from process variables. Throughout, we
provide Raman spectra for all ADU phases examined in this work in the low-energy (~40-500 cm™!) region, which have not been
discussed elsewhere in detail to the best of our knowledge. We find that the primary precipitate that results from ADU preparation is
similar to the mineral phase metaschoepite, and use Raman assignments proposed by Colmenero et al. to describe potential structural
origins of spectroscopic features [22]. IR spectra collected for ADU further reveal differences in solid-phase precipitates that result
from variable synthesis procedures. Finally, we use PCA to describe subtle variability in sample spectra as they may relate to variations
in processing procedures. By combining multiple spectroscopic techniques with X-ray diffraction, we attempt to elucidate the re-
lationships between the details of the multiphase mixture of ADU precipitates and the production parameters. Moreover, the com-
bination of multiple techniques allows us a holistic view of ADU phase space and permits us to suggest plausible chemical mechanisms
that may result in differences between resulting materials based on those production parameters.

2. Materials and methods
2.1. Synthesis

To explore optical vibrational spectroscopic signatures of ADU and the underlying structural features from which they originate,
five samples were synthesized with varying process parameters resulting in solid samples with well-pedigreed history, and they are
summarized in Table 1. The first ADU precipitation (ADU1) was performed at PNNL where approximately 400 g of precipitate was
prepared in a custom-made vessel with baffles and a draft tube (Fig. Sla, supporting information). The aqueous uranyl nitrate
(UO2(NO3)2) feed was prepared by dissolving 448 g of UO, stock (395 g U) by the slow addition of 1.0 L of 7 M nitric acid (HNOs,
Fisher Chemical, Optima grade) while stirring, which was done using a ServoDyne mixer; the uranyl nitrate was then diluted with an
additional 1.0 L of deionized (DI) water. Before precipitation, the feed was heated to 60 °C, and the stirrer was set to mix at a rate of
400 rpm. Over 23 min, 25 v/v% aqueous NH4OH (Fisher Chemical, ACS grade) was added through an inlet tube via a peristaltic pump

Table 1
Production parameters for ADU precipitations.

Sample ID Stir rate (rpm) Temperature (°C) Strike Precipitation method
ADU1 400 60 Forward Custom vessel
ADU2" 400 20 Forward Jacketed beaker
ADU3 400 20 Forward Jacketed beaker
ADU4 100-130 20 Forward Jacketed beaker
ADUS5 600-500 20 Forward Jacketed beaker

@ See text for details regarding experimental differences between ADU2 and ADU3.
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until a pH of 7.97 was reached. The slurry was then digested at 55-60 °C for 30 min with a final pH of 8.41. The digested product was
recovered via vacuum filtration after washing with DI water. The resulting filter cake, representing a 99 % yield (Fig. S1b) was dried
under vacuum at room temperature for approximately 1 week.

The first preparation of ADU at ORNL (ADU2) was done by combining Millipore Sigma 28 v/v% aqueous NH4OH solution (>99.99
% trace metals basis) at a rate of 3.3 L/min with sufficient aqueous uranyl nitrate feedstock (preparation described in supporting
information) to produce an ADU sample containing 100 g of uranium. The aqueous mixture was stirred at a rate of 400 rpm, at 20 °C,
during the precipitation, resulting in a slurry of bright yellow precipitate. Due to external factors, the experiment was paused at a pH of
3, and allowed to age without stirring for 1.5 months. After this time, the experiment continued at the 400 rpm stir rate until the pH
reached approximately 8. The ADU precipitate was recovered by vacuum filtration and was washed with DI water. Following filtration,
the precipitate (ADU2) was dried overnight at approximately 100 °C. The second precipitation at ORNL (ADU3) was prepared similarly
to ADU2 but without external disruptions. The experiment began with the addition of 28 % ammonium hydroxide at a rate of 3.3 L/
min to aqueous uranyl nitrate containing 100 g U being stirred at 400 rpm in a custom 1 L jacketed beaker. The reagent was added until
a pH of 8 was reached. This occurred over a course of about 70 min. The slurry was then allowed to age for approximately 1 h with the
stirrer on. After aging, the slurry was transferred to a vacuum funnel and was washed with DI water multiple times following filtration.
Like the previous sample, ADU3 was dried overnight at approximately 100 °C. The plan for the third ORNL precipitation (ADU4) was
identical to that for ADU3 apart from the stir rate being reduced to 100 rpm. However, 9 min into the NH4OH addition, large crystallite
aggregates appeared on the surface of the aqueous uranyl nitrate and appeared to hinder mixing. This was addressed real-time by
adjusting the stir rate to 130 rpm, at which point mixing efficiency appeared to improve. The reagent was added until a pH of 8 was
reached, which took about 64 min. The sample was aged with the stirrer on for 1 h. Note, this synthesis resulted in a thick, chalky
suspension of precipitate with a large range of particle sizes observed. The sample was transferred to the vacuum filter over the course
of 25 min and was washed several times with DI water. ADU5 was prepared in the same manner as ADU3 and ADU4 but was stirred at
600 rpm initially. Approximately 50 min into the precipitation, the stir bar began to move erratically and induce splatter onto the
vessel lid. The stir rate was decreased to 500 rpm, and the reagent was added over a total of 65 min. This precipitate was aged for 1 h
while stirring. After 1 h of aging, the stir rate was reduced to 350 rpm, and the slurry was recovered by vacuum filtration. ADU5 was
washed several times with DI water and dried overnight at 100 °C.

2.2. Characterization

PXRD data were collected for all samples of ADU using a Proto AXRD benchtop diffractometer in Bragg-Brentano configuration.
Samples were prepared by lightly grinding approximately 50 mg of ADU with a small quantity of NIST640e silicon Standard Reference
Material in a mortar and pestle and transferring the sample/SRM mixture to a zero-background silicon substrate. Samples were
illuminated with a Cu—Ko (A = 1.5406 A) X-ray source, and data were collected in the range of 10-70 °20, with a step velocity of 1° 20/
min. Phase identification of powder samples was done using the International Centre for Diffraction Data Powder Diffraction File (PDF)
4+ following zero shift corrections done using the known positions of reflections in NIST640e.

A Renishaw inVia™ micro-Raman spectrometer was used to collect data for all samples of ADU which were prepared by trans-
ferring small quantities of sample powder to gunshot residue (GSR) tabs. The instrument was calibrated using an internal Si standard.
An excitation wavelength of 785 nm was used to collect spectra in the range of 35-1200 cm ™! in combination with a 1200 lines/mm
holographic notch diffraction grating resulting in a resolution of approximately 2.5-3.1 cm™!. Corresponding power densities for
Raman measurements were approximately 100 W/cm? based upon laser power (10 mW) and spot size (~1 pm). Reported spectra are
the sum of 20 accumulations, each with a 10 s exposure time. Three spectra were collected for each ADU material to examine potential
variability within each sample, with corresponding sample and subsample images shown in Supporting Information Fig. S2. We first
examine intrasample variability in the range of 35-1200 cm™! for each sample as this is the region of the spectra that contains in-
formation regarding U coordination environments. Then, we review potential spectroscopic indicators at higher energy (from 1200 to
1800 cm™1). Then, to compare signatures that may arise from variables in sample production, we also compare average spectra
calculated for each sample and IR spectroscopy results in the discussion section. Average spectra for each sample were fit to Voigt
profiles via a Levenberg-Marquardt nonlinear least-squares approach using the Fityk [23] software package for band analysis.

Scanning electron microscopy images were collected using a Zeiss Gemini 460 field emission scanning electron microscope to
explore potential morphological differences that may indicate variability in process parameters. Samples were dusted on GSR tabs and
were not carbon coated to preserve sample morphology. Backscatter electron images (25 x 18.75 pm) were collected for all samples
using an accelerating voltage of 5 kV and 14 pA current following initial surveys to determine particle homogeneity (see Supporting
Information, Fig. S3).

Fourier transform infrared spectra were collected using an attenuated total reflectance (ATR) sample environment on a Bruker
INVENIO instrument. Microgram samples of each ADU powder were transferred to the diamond lens of the instrument and pressed
using the ATR tip. Data were collected in the range of 370-5000 cm ™! and background subtracted using spectra collected in the same
region both in air and with no sample pressed between the diamond lens and the ATR tip.

3. Results
3.1. Powder X-ray diffraction

Analysis of PXRD data collected for samples of ADU highlights the variable composition of this material, with diffractograms of
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each sample of ADU showing significant phase mixtures. The ADU1 sample is composed primarily of a synthetic analog of the uranyl
oxyhydroxyhydrate mineral phase, metaschoepite ((UO2)40(OH)g-5H20, PDF card no. 04-011-3920) [24]. Minor phase contributions
of NH3U206-3H50 (ADU I1I, PDF card no. 00-037-0628) [25], and 4UO3-NH3-7H20 [26] (PDF card no. 00-031-1428) are also present
in the ADU1 sample (Supporting Information Fig. S4). Powder diffraction data collected for the ADU2 sample (Fig. S5) show strong
phase contributions from metaschoepite and uranyl hydroxide (UO2(OH);, PDF card no. 00-028-1415). Minor phases of
(NH4)2U40,3-7H20 (PDF card no. 00-013-0059) and ammonium uranyl nitrate hydrate ((NH4)2UO2(NOs3)4-2H20, PDF card no.
00-045-0434) [27] are also present in ADU2. The diffractogram collected for the ADU3 sample displays significant peak broadening
(Fig. S6). Nevertheless, a mixture of NH3U204-3H20 (ADU III), metaschoepite, and (NH4)2U4013-7H20 (PDF card no. 00-013-0059)
[28] includes the main phases contributing to this material. ADU4 (Fig. S7) shows broad reflections, similar to those observed for
ADU3 with phase contributions from 2UO3-NHj3-3H20 (PDF card no. 00-031-1427) [26] and UOs-NH3-HyO (PDF card no.
00-039-0586) [14], resulting in the observed diffractogram. Like the other samples of ADU prepared at ORNL, ADUS5 displays broad
reflections (Fig. S8). Phase contributions for ADU5 include metaschoepite, ADU III, 2U03-NH3-3H50, and UO3-NH3-H20. The intrinsic
complexity of these samples, as evidenced by the multiphase mixtures observed with PXRD unfortunately preclude quantitative
analysis (e.g., determining phase fractions, crystallite domain size, Rietveld refinement). However, we use the qualitative results from
PXRD throughout the remainder of this manuscript to understand potential structural origins of spectroscopic features we observe
using Raman and IR.

3.2. Raman spectroscopy: intrasample variability in the range of 35-1200 cm ™!

The Raman spectra of the ADU1 sample appear quite homogenous (Fig. 1a—c). As described in the Materials and Methods section,
three spectra were collected from different particles of to examine intrasample variability within the bulk material. Although some
variability in intensity is observed, all spectra are dominated by a prominent peak centered at approximately 840 cm™'. While detailed
assignments are discussed later, peaks in this region, between 700 and 900 cm ! are generally attributable to symmetric stretching of
axial U-O (uranyl, U-Oy)). This feature shows significant asymmetry with up to three low-energy shoulder peaks contributing to
observed intensity based on results from peak fitting. Between 45 and 555 cm ™!, numerous vibrational modes are observed, with
results of fitting suggesting that at least 15 peaks are contributing to observed intensity. At high energy, a peak centered at approx-
imately 1063 cm™! is also seen.

Raman spectra collected for ADU2 sample show significantly more variability than ADU1. Like ADU1, however, the most prom-
inent spectral feature is a large peak centered at approximately 840 cm™!. Close examination of this peak shows some evidence of a
shift in the peak center between datasets collected for ADU2 (Fig. 2b), and all uranyl peaks show the same asymmetry as observed in
ADU1, however. In the region of 1030-1080 cm ™!, additional inconsistency is seen. One spectrum collected for this sample shows two
fairly well-resolved peaks, with the higher intensity feature centered at approximately 1063 cm ™. The other two datasets collected for
ADU2 clearly show a low-energy shoulder approximately 1045 cm ™! associated with the main approximately 1063 cm ™! peak in this
region (Fig. 2¢). In the range of approximately 45-555 cm ™!, no significant variability is present in the spectroscopic features, although
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Fig. 1. (a) Raman spectra collected for three spots on the ADU1 sample to examine intrasample variability. Limited intrasample variability is
observed. (b) The uranyl region of Raman spectra collected for ADU1, showing asymmetry of the UO%" symmetric stretching vibrational mode. (c)
The high-energy region of the Raman spectra of ADUI.
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one dataset appears to have slightly lower resolution of peaks in this spectral range.

Relative to ADU1 and ADU2, the ADU3 sample shows substantial inconsistencies between spectral datasets (Fig. 3). Like ADU2
sample, some variability in resolution of spectral features is visible in the low-energy region (~45-555 cm™}) of the spectra (Fig. 3a).
Notably, one spectrum shows a distinct difference in the relative intensity of an apparent doublet of peaks between approximately 370
and 485 cm ™! when compared to the other two spectra collected for ADU3. A different dataset from ADU3 shows what appears to be a
unique feature: a broad apparent doublet between 685 and 780 cm L. Upon closer examination of that same region in the other ADU3
spectra, some contributions from this same feature may be present but with significantly reduced intensity and resolution. Less
variability is observed in the U-Oy; region, with all spectra displaying a similarly centered peak at approximately 840 em ™!, with a
lower intensity shoulder at approximately 829 cm ™. One of the collected datasets has greater resolution of the low-energy shoulder
than we see in other datasets (Fig. 3b). An apparent doublet of modes is present between approximately 1040 and 1075 cm ™}, with two
peaks visible at approximately 1047 and 1063 cm?, albeit with varying relative intensity across the three spectra (Fig. 3c).

Spectra collected for ADU4 are consistent with regard to features in the low-energy region, up to approximately 555 cm™*, with
some variability in resolution of peaks (Fig. 4). A low-intensity peak is seen in all spectra at approximately 705 cm ™! (Fig. 4a). Two
(rather than one) low-energy shoulders peak are associated with the main uranyl mode centered at approximately 840 cm ™! (Fig. 4b).
The apparent peak positions of these shoulder features are approximately 815 and 829 cm™!. All spectra collected for ADU4 are
consistent in the high-energy region, with a single peak centered at approximately 1047 cm™! (Fig. 4c).

Limited intrasample variability is observed in the spectra of ADU5 (Fig. 5). Consistent spectral features are observed up to
approximately 555 cm !, with slight intensity differences across individual datasets. A single spectrum collected for ADUS5 has a broad,
low-intensity feature centered at approximately 749 cm™! (Fig. 5a). Like we observed in ADU3, this appears to be a low-intensity
doublet that is present in all spectra with variable intensity and resolution upon closer examination. All spectra collected for ADU5
show both low- and high-energy shoulders in the uranyl region, with the main peak located at 829 cm ™, a low-energy shoulder at
approximately 800 cm ™, and the high-energy shoulder at approximately 840 cm ™! (Fig. 5b). All ADUS5 datasets have a single feature at
higher energy, with a low-intensity peak observed at approximately 1063 cm™! (Fig. 5¢).

3.3. Raman spectroscopy: intrasample variability in the range of 1200-1800 cm™!

In addition to the Raman spectra discussed previously, we also collected data at an extended range to examine the possibility of NHy4
vibrational mode contributions (Fig. 6). Assignments for the modes discussed here will be detailed in the next section and in Table 2,
however, we outline variability among spectra collected for individual samples to further examine the degree of homogeneity within
each ADU material.

Despite the consistent features seen in the ADU1 sample previously, significant variability is observed in the high-energy region.
One spectrum shows two broad features centered at approximately 1310 and 1605 em L. The remaining spectra collected for ADU1
show only very low-intensity features between approximately 1350 and 1520 cm ™. Observations for the high-energy spectra of ADU2
are surprisingly quite consistent, given the spectroscopic differences observed in the low-energy region. These datasets are
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Fig. 2. (a) Raman spectra collected for three spots on the ADU2 sample to examine intrasample variability. (b) The uranyl region of Raman spectra
collected for ADU2 showing some differences in peak center. (c) The high-energy region of the Raman spectra of ADU2, showing differences in the
number and intensity of peaks.
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Fig. 3. (a) Raman spectra collected for three spots on the ADU3 sample show significant variability. (b) The uranyl region of Raman spectra
collected for ADUS displays differences in resolution of the UO3" symmetric stretching vibrational mode. (c) The high-energy region of the Raman
spectra of ADU3 showing variability in intensity and resolution of peaks in this area.
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Fig. 4. (a) Raman spectra collected for three spots on the ADU4 sample to examine intrasample variability are fairly consistent across all datasets.
(b) The uranyl region of Raman spectra collected for ADU4 showing only intensity differences. (c) The high-energy region of the Raman spectra of
ADU4 displays consistent spectral features.

characterized by a doublet of peaks at approximately 1350 and 1375 cm ™, and two other poorly resolved bands are seen at 1430 and
1650 cm !, Each of the three spectra for the ADU3 sample in the range of 1200-1800 cm ' show distinct spectral features. One
spectrum has a lack of noteworthy spectroscopic features. An additional spectrum for this sample shows only broad peaks centered at
approximately 1310 and 1600 cm™'. The third dataset examined for ADU3 shows several broad low-intensity peaks centered at
approximately 1,350, 1,370, 1,435, and 1665 em L. Like we observed in the spectra collected for ADU4 in the range of 35-1200 em™,
at higher energy, datasets are consistent with regard to apparent spectroscopic features. The most intense peak in this region is
centered at approximately 1340 cm™! and is accompanied by two lower intensity peaks at slightly higher energy, centered at
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Fig. 5. (a) Raman spectra collected for three spots on the ADUS5 sample showing limited intrasample variability. (b) The uranyl region of Raman
spectra collected for ADU5 showing high- and low-energy shoulder features associated with the main uranyl band. (c) The high-energy region of the
Raman spectra of ADUS.
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Fig. 6. Raman spectra collected for ADU samples in the range of 1200-1800 cm . Significant intrasample variability is observed in the ADU2 and
ADUS3 samples, with the remainder of the ADU samples showing limited intrasample variability in this region. Three spectra for each sample were
collected in this region, and datasets are offset for clarity.

approximately 1405 and 1445 cm ™. An additional peak is seen in all spectra at approximately 1665 cm™*. ADUS5 are also consistent
between 1200 and 1800 cm ™, with limited spectral features seen in this region for all three spectra collected.

To summarize, ADU1, ADU4, and ADUS are fairly consistent for intrasample spectra collected between 35 and 1200 cm L. These
three materials exhibit constant spectral features, with the largest variability originating from differences in observed intensity.
Conversely, the ADU2 and ADU3 ADU samples are heterogeneous in these regions, as indicated by the significant differences in
spectroscopic features seen across multiple datasets collected for each sample. In the range of 1025-1075 cm ™}, both ADU2 and ADU3
show variability in the number and relative intensity of apparent vibrational modes in this region, and the potential origins will be
discussed in a later section.

Examination of the higher energy region of the spectra, between 1200 and 1800 cm ™! shows that the ADU1 indeed possesses
intrasample variability, which we were not able to observe in the lower energy region of the spectra. While ADU2 appeared
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Table 2
Raman and IR assignments for ADU spectra.
Peak Center (cm ™) Assignment Species Samples Activity (R=Raman, IR = infrared)
203-290 UO3" bending metaschoepite All R
320 U-O¢q ADU1, ADU2, ADU3 R
405 U-Ogq metaschoepite ADU1, ADU2, ADU3 R
435 ? ADUS5 R
450 ? All IR
455 O and U-O-H bending metaschoepite All R
545 H,0 ADU2 R
550 H,0 ADU1, ADU3, ADUS R
550 ? ADU4, ADUS IR
555 H,0 ADU4 R
840 n UO%Jr metaschoepite ADU1, ADU2, ADU3, ADU4 R
900 v3 UO3" All IR
1045 v NO% ADU2, ADU3, ADU4, ADU5 R
1060 121 NO%' ADU1, ADU2, ADU3, ADUS R
1350 ? ADU2, ADU3, ADU4, ADU5 R
1350 O-H bending ADU1, ADU2 IR
1375 ? ADU2 R
1375 O-H bending ADU1, ADU2 IR
1405 NHJ scissoring ADU4 R
1420 NHj bending All IR
1430 NHj scissoring ADU2, ADU3, ADU4, ADU5 R
1440 NHJ scissoring ADU1 R
1450 ? ADU4 R
1555 O-H scissoring All R
1610 O-H scissoring metaschoepite ADU1, ADU3, ADU5 R
1620 O-H bending All IR
1660 O-H scissoring ADU4, ADUS R

heterogeneous based on spectra in the range of 35-1200 cm ™}, this material appears homogeneous in the range of 1200-1800 cm . At
both high- and low-energy regions, distinct spectroscopic features are observed in each dataset collected for ADU3. Conversely, ADU4
and ADUS spectra are consistent in all regions examined.

—— ADUT average| a b.
ADU2 average

—— ADU3 average .

—— ADU4 average S

—— ADUS average f-
ﬁ
K-
=
2
8
=

70 725 750 775 800 825 80 875 900
Raman Shift (cm')

Intensity (offset, a.u.)

Intensity (offset, a.u.)

1 | 1 | | 1 1 1 1 1
100 200 300 400 500 600 700 800 900 1000 1100

Raman Shift (cm‘1) W wom e 1w W@ W w0 w10

Raman Shift (cm™)

Fig. 7. (a) Average Raman spectra collected for all ADU samples to examine intersample variability, offset for clarity. (b) The uranyl region of
average Raman spectra collected for ADU samples showing variability in peak center, shoulder modes, and band resolution. (c¢) The high-energy
region of the Raman spectra of ADU samples illustrating differences in the number and intensity of peaks.
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4. Discussion
4.1. Intersample variability: uranyl vibrational mode

Average Raman spectra (calculated from three spectra collected for each sample) for the five samples of ADU are shown in Fig. 7a,
in which we observe significant intersample variability. The most apparent difference between sample spectra is visible in the uranyl
region (Fig. 7b). In all spectra besides that of ADU5, a prominent peak is centered at approximately 840 cm ™. Closer examination of
this band in the ADU1, ADU2, ADU3, and ADU4 samples reveals additional complexity. The ADU3 and ADU1 sample spectra are
centered right at 840 cm™!; the ADU4 and ADU2 spectra are, however, shifted to a slightly higher or lower energy, with the main peak
intensities centered at 842 and 839 cm ™!, respectively. Several low-energy shoulder modes are present for the ADU2, ADU3, and ADU4
samples. Observed asymmetry of the uranyl peak in the ADU1 sample indicates that similar, but poorly resolved, low-energy shoulder
bands are also present. Interestingly, the position of some of the low-energy shoulder bands associated with uranyl vibrational modes
appear to overlap with the highest intensity uranyl peak of the ADU5 sample. The ADU5 sample likewise possesses both high- and low-
energy shoulder features in addition to the prominent uranyl band centered at approximately 828 cm ™. The low-energy shoulder is
located at approximately 800 cm ™!, whereas the high-energy feature appears at 840 cm ™, likely originating from the same chemical
coordination environment or species responsible for the most prominent uranyl peak in ADU2-3 and ADU1 samples.

The variability in reaction products among the ADU samples described in the PXRD section is echoed in our observations of the
uranyl mode (Fig. 7b). The peak seen at 840 cm ™! in all samples (with varying intensity) is likely attributable to the uranyl mode
associated with the uranyl oxyhydroxide hydrate mineral metaschoepite, and from PXRD, this phase is indeed present in all ADU
samples except for ADU5 [29,30]. The presence of uranyl oxyhydroxide hydrate phases within ADU samples is not surprising. Previous
works involving PCA described similarities in the Raman spectra of ADU and uranyl hydroxide phases [20]. Likewise, Turcanu and
Deju proposed that all compounds precipitated following standard ADU procedures result in formation of uranyl hydroxide (meta-
schoepite-like) phases [31]. While the exact mechanisms of preferential uranyl hydroxide formation are not elucidated by this work,
we pose hypotheses in a later section that may guide future studies to investigate this.

The numerous shoulder peaks present in the uranyl region also allude to multiple U-O bond lengths and resultingly suggest that a
variety of U coordination environments beyond the hexagonal bipyramidal units in metaschoepite are present. Bartlett and Cooney
[32] present a correlation between the Raman frequency of the uranyl mode, and the corresponding U-O bond length from which that
vibration originates. From applying the formula of Bartlett and Cooney to the position of the peak observed at 840 cm ™!, we see that
bond lengths of 1.77 A are likely present in the solid-phase sample. This is in excellent agreement with the U-Oy; bond lengths observed
in metaschoepite [24]. Slightly longer U-Oy; bonds (1.78-1.8 10\) would produce the peaks observed at 828, 815, and 800 em L Despite
the evidence suggesting that metaschoepite or related uranyl hydroxide phases are the primary solid-phase products of ADU pre-
cipitation, we see evidence of ammonium in the solid state, which will be described later.

4.2. Intersample variability: low-energy region

Variability in the low-energy region (Fig. 7a) of the Raman spectra of ADU is observed and likely arises from differences in sec-
ondary phases that precipitate in addition to metaschoepite/uranyl hydroxide, and perhaps from differences in the hydration state of
the uranyl oxyhydroxyhydrate (metaschoepite) itself. Generally speaking, vibrational modes in the low-energy region of Raman
spectra collected for uranyl oxysalt phases are associated with vibrations of equatorial oxygen atoms about uranium centers and in-
plane scissoring (5) modes associated with the UO%" unit [22,29,33]. Therefore, by examining this region of the spectra, we gain
insight into the variability of linkages between individual U coordination polyhedra resulting from differences in polymerization of
these units. Up to approximately 185 cm ™}, the ADU1, ADU2, ADU3, and ADU5 samples show similar spectroscopic features, with a
diffuse group of peaks between approximately 85 and 135 cm ™}, and a broad feature centered at approximately 155 cm ™. In the same
region, the most intense peak of the ADU4 sample is located at approximately 142 cm™', which is accompanied both high- and
low-energy shoulder peaks. All datasets possess a peak in the range of 180-225 cm™’, although the center of this feature varies
significantly among samples. Similarly, all spectra show multiple peaks between approximately 230 and 290 cm ™!, with differences in
band intensity and resolution. Using density functional theory, Colmenero et al. [22] assign these bands to 5UO% " scissoring vibrations.
The variability (in both number and intensity of apparent vibrational modes) we observe between approximately 230 and 290 cm™*
may subsequently originate from differences in the connectivity (e.g. hydrogen bonding) of axial oxygen atoms coordinating uranyl
units because slight differences in bond strength would likely affect bond rigidity and resulting § motions [34,35].

More pronounced differences between ADU samples are seen between approximately 290 and 600 cm™'. First, we see a peak
centered at approximately 320 cm ™! in the ADU2, ADU3, and ADU1 samples, which likely originates from variations in ura-
nium-oxygen equatorial bond lengths present in ADU precipitates [22]. Second, at 405 cm ™!, the ADU1, ADU2, and ADU3 samples
show a peak that is likely also related to uranium-oxygen equatorial vibrational modes in metaschoepite [22,29] because from our
PXRD results, these samples possess significant phase contributions from metaschoepite. The ADU4 and ADUS samples do not possess a
peak at 405 cm™!, which may be due to the larger contributions of mixed-phase uranyl-ammonia/ammonium oxyhydrate phase
contributions seen in PXRD. Third, all samples possess a peak at approximately 455 cm ™!, but the ADUS sample also has a low-energy
shoulder at approximately 435 cm ™. Colmenero et al. suggest that bands in this region are attributable to combination bands of &
modes associated with equatorial O and U-O-H vibrations of metaschoepite [22]. The origin of the 435 cm ™! shoulder band in ADUS5 is
not likely related to the presence of secondary phases, as all phase contributions observed in the PXRD data for this sample are present
in other precipitates. It is worth noting however, that ADU5 was produced with the fastest stir rate of any ADUs investigated in this
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work. We hypothesize that perhaps this feature originates from a unique structural attribute associated with this production parameter
(e.g., grain boundary scattering) caused by small crystallite domains [36] resulting from rapid stirring/precipitation, and indeed we
see only poorly defined crystallites in scanning electron microscopy images of ADU4 (Fig. S3). The final variable feature we observe in
ADU spectra between approximately 290 and 600 cm ™ is a band centered at 545-555 cm ™. The center of this peak is variable across
samples, with the ADU1, ADU3, and ADU5 sample coinciding with a center of 550 cm™*. Conversely, this peak in the ADU2 sample is
centered at approximately 545 cm ™! and is located at 555 ecm ™! in ADU4. In metaschoepite, bands in this region are associated with
H,O-related vibrational modes, further suggesting variability in hydration state and hydrogen bonding within ADU precipitates.

4.3. Intersample variability: 1025-1075 cm™! region

Significant variability among ADU samples is observed in the range of 1025-1075 cm™! (Fig. 7c). The ADU2, ADU3, and ADU5
samples all display at least two apparent vibrational modes of varying relative intensity centered at approximately 1045 and 1060
cm ™. Conversely, the ADU1 and ADU4 samples show only one peak in this region.

Bands in this region of uranyl compounds are typically associated with nitrate modes [37,38]. Despite PXRD results indicating that
only sample ADU2 possesses nitrate, in the chemical form ammonium uranyl nitrate hydrate [27], our Raman results strongly suggest
that there is indeed nitrate present in all samples. Consequently, we suppose that the variability in the number and intensity of
vibrational modes in the range of 1025-1075 cm ™! relates to the number of crystallographically distinct nitrate sites and the overall
phase contributions of a nitrate-possessing material to the bulk ADU precipitate. For example, ADU4 likely only possesses one crys-
tallographically unique nitrate mode based on the single intense peak centered at 1045 cm™?, but some constituent of the ADU2 sample
probably has at least two unique nitrate groups. While ammonium uranyl nitrate hydrate does not have a published crystal structure,
its anhydrous counterpart does and possesses multiple crystallographically distinct nitrate sites, which agrees with the multiple nitrate
modes seen in Fig. 7C.

The presence of some nitrate-rich uranyl phases in the mixed phase precipitates that result from ADU processes is probable because
aqueous uranyl nitrate is a precursor to ADU. Likewise, the absence of nitrate-rich phases in our PXRD data does not definitively
indicate that NO% ™ is not present since phase fractions less than approximately 5 wt % are typically not detectable using this technique.
All ADU samples possess contributions from a phase best described in the PDF as 2UO3-NH3-3H20 or UO3-NH3-H50 (see Results),
which correspond to materials observed by Cordfunke [4] and Debets and Loopstra [5]. The materials 2UO3-NH3-3H20 or
UO3-NH3-Ho0 were initially prepared by reaction of UOs, water, and ammonia, likely resulting in this proposed stoichiometry.
However, these authors do not provide a crystal structure solution, and other works have observed formation of this phase in the
presence of uranyl nitrate and ammonium hydroxide [26]. Because the exact structural details of 2UO3-NH3-3H,0 and UO3-NH3-Ho0
remain unknown, we hypothesize that these indeed may contain nitrate based on our Raman results.

4.4. Inter- and intrasample variability: 1200-1800 cm™! region

Average spectra of Raman datasets collected for ADU samples in the range of 1200-1800 cm ! are shown in Fig. 8 and exhibit
significant variability. Although all datasets display a broad band of several spectroscopic features between approximately 1250 and
1500 cm ™!, several distinct peaks are seen. The ADU1 sample shows several diffuse bands between 1300 and 1400 cm ™! and one more
clearly defined peak centered at approximately 1440 cm™!. The ADU2 sample is characterized by two fairly well resolved peaks at
1350 and 1375 cm ™}, and a broader, lower intensity band at approximately 1430 cm™'. The ADU3, ADU4, and ADUS samples all have

Intensity (offset, a.u.)
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ADU2 average|
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Fig. 8. Average Raman spectra collected for ADU samples in the range of 1200-1800 cm™! (offset for clarity) show distinct spectroscopic features
that may be correlated with production route.
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a peak centered at approximately 1350 cm ™}, which is similar to what we observe for the ADU2 sample; however, the second peak
(1375 em™) in ADU2 is not visible in the ADU4 and ADU5 samples. ADU3, ADU4, and ADUS5 also all possess a broad feature at
approximately 1430 cm ™, again similar to ADU2, but the ADU4 sample appears to have a more clearly resolved band at 1350 cm™!
relative to other samples. The ADU4 sample shows two distinct peaks (centered at 1405 and 1450 em™) contributing to the broad
intensity between 1400 and 1450 cm . Variability in the number of and nature of connectivity of NHJ moieties between ADU samples
may be a contributor to the spectroscopic variances in the range of approximately 1250-1500 cm ' as NHJ scissoring modes are
reported in the range of 1430-1390 cm ™ within crystalline solids [39]. Raman assignments provided by Colmenero et al. [22] and Ho
Mer Lin et al. [21] also indicate that variability in this region originates from phase components beyond the uranyl hydroxide or
metaschoepite phases. Colmenero et al. do not predict any Raman active modes in the range of approximately 1250-1500 cm™! for
metaschoepite, and Ho Mer Lin et al. do not observe any prominent vibrational modes in experimental spectra presented for uranyl
hydroxide, further implying that spectroscopic features in this region are attributable to the presence of NHJ moieties.

All spectra collected for ADU show a peak centered at approximately 1555 cm™?, although the origin of this mode remains unclear.
We can assign additional features between 1575 and 1700 cm ™! to oxygen—hydrogen scissoring modes of H,0, however. The ADU1,
ADU3, and ADU5 samples all show a band centered at 1610 cm ™%, which is in excellent agreement with the location of the oxy-
gen-hydrogen band predicted by Colmenero et al. for metaschoepite. Unsurprisingly, our PXRD data also show that metaschoepite
contributes significantly to the powder diffractograms of these samples. We also identified a significant phase contribution of meta-
schoepite to the ADU2 sample, but based on the absence of the oxygen-hydrogen band in the Raman spectrum of this phase, ADU2 may
have undergone surface dehydration as the dehydration and rehydration of uranyl oxyhydroxyhydrate phases like metaschoepite has
been reported in the literature [40]. ADU4 and ADU5 show a peak at approximately 1660 cm ™!, and this higher energy mode may be
attributable still to oxygen-hydrogen vibrations, albeit in a different structural configuration relative to samples with large phase
contributions of metaschoepite.

4.5. Intersample variability: ADU IR spectra

ATR-IR spectra collected for ADU are complex (Fig. 9) but are broadly in good agreement with the limited IR spectra for ADU
available in the literature. Where possible, we use data provided by Sato and Shiota [14] to assign spectroscopic features in our ATR-IR
spectra. All datasets show an intense band located at approximately 450 cm ™!, a low-intensity band at 670 cm™!, and the ADU4 and
ADUS samples possess an additional low-intensity feature at 550 cm ™. The ADU4 and ADU5 samples also display an apparent triplet
of modes between approximately 720 and 830 cm ™. The v3 antisymmetric stretching vibration associated with the uranyl unit is seen
at approximately 900 cm ™" for all samples [14,41]. All v3 bands show significant asymmetry, indicating the presence of multiple
unique uranyl sites [42]. The v3 bands of the ADU4 and ADUS5 samples, in particular, possess significant contributions from shoulder
modes.

Intense absorption features are observed for all samples between 1250 and 1500 cm ™ *. The ADU3, ADU4, and ADUS5 samples have a
doublet of bands at 1315 and 1340 cm ™}, which are likely attributable to oxygen-hydrogen bending vibrations [43]. The ADU1 and
ADU2 samples also have bands in this region, albeit shifted to approximately 1350 and 1375 cm™?, which could indicate slight dif-
ferences in oxygen-hydrogen connectivity in these samples relative to the ORNL 2, 3, and 4 samples. All ADU samples possess ab-
sorption bands centered at approximately 1420 cm ™}, with varying degrees of asymmetry and intensity. The most intense absorption
here is seen in the ADU4 sample, but the occurrence of this feature in all samples indicates that NHJ is indeed present in all materials,
as this band is assigned to bending vibrations of NHj [14,43]. Additional, low-intensity oxygen-hydrogen bending vibrations are seen
in all samples at approximately 1620 em! [14,43].

Absorbance (offset, a.u.)

——ADU1

ADU2
——ADU3|
—— ADU4
——ADU5
1 1 1 1 1 1 1 1 1

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Wavenumber (cm")
Fig. 9. IR spectra collected for samples of ADU, offset for clarity.
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The intense absorption multiplet seen in our samples, centered at approximately 3230 em? likely originates from a combination of
oxygen-hydrogen and NH{ stretching vibrations, based upon assignments from Sato and Shiota [14]. Closer examination of these
bands reveals distinct peaks at approximately 3385 cm ™! in the ADU4 and ADUS samples; interestingly, these samples were produced
with a different stir rate during ammonia addition relative to the remaining samples. Further spectroscopic indicators of production
parameters, in particular, differences in the solid phase ADU4 and ADUS5 samples, based on results from principal component analysis
of Raman spectra will be discussed in the next section.

4.6. Intersample variability: PCA and process variables

To explore the possibility that process variables related to ADU production are contributing to differences in subtle spectroscopic
features, we conducted PCA of Raman spectra. First, the full spectra in the range of 35-1200 cm ™! for all Raman datasets collected for
ADU samples were subjected to a 0,1-normalization method to ensure that variations in absolute intensity would not influence overall
PCA results. Then, using the OriginPro software suite, initial principal components were determined using a built-in algorithm. Upon
examining the scree plot generated from PCA, four components were then used for calculation. The first four principal components
account for 98.93 % of variability among spectra. Principal component spectra (loading plots) for each of these four components are
shown in Fig. S9 in the Supporting Information. We discuss each of the principal component spectra before examining the coefficients
of each principal component as a means of understanding real physicochemical indicators that contribute to separation based on PC
scores seen in Fig. 10.

PC1 spectra are characterized by a high-intensity peak centered at 840 cm™! with a low-energy shoulder peak associated with it.
Again, this spectrum is similar to that of the uranyl oxyhydroxyhydrate mineral metaschoepite. Broad, low-intensity features are
located between approximately 700 and 775 cm ™', The range between approximately 40 and 600 cm ™! shows a complex convolution
of vibrational modes, with at least 10 peaks contributing to observed intensity. Notably, at high energy, two peaks are present between
1040 and 1075 cm ™}, with the lower energy peak at 1045 cm ™! possessing slightly higher intensity than the peak at 1060 cm ™. PC1
accounts for 90.56 % of variance among samples; most of the spectroscopic information we see in this PC is no different than what is
easily examined by qualitative analysis of sample spectra further indicating that metaschoepite is the primary phase that results from
ADU precipitation.

PC2, unlike PC1, contains more subtle spectroscopic information, as this PC accounts for only 5.88 % of variability among sample
spectra. Four peaks in the low-energy region, centered at 262, 337, 436, and 456 cm ™ * are seen. In PC2, we also observe a shift in the
intensity of the prominent uranyl mode, with negative intensity at approximately 840 cm ™!, and positive intensity at 829 cm™!. This
shift indicates that samples with high scores along PC2 possess fewer spectroscopic features that are associated with metaschoepite. We
also observe from PC2 spectra negative intensity at 1045 cm ™ _.

The PC3 spectrum accounts for 4.88 % of variability among samples and shows several areas of positive intensity in the low-energy
region, with subtle peaks visible at 140, 210, 453, and 560 em L Notably, this PC is characterized by a lower intensity within the
uranyl region, with a significant band of negative intensity centered at 840 cm L. Two areas of positive intensity are seen flanking the
840 cm ! feature, centered at 829 and 845 cm™'. PC3, unlike PC2, shows positive intensity at 1045 em L

The contributions of PC4 to overall spectroscopic variability are minor, as this component accounts for only 1.89 % of variability
among samples. Nevertheless, we see the broad, low-intensity features that were observed in many individual sample spectra captured
within this PC. The most prominent feature of the overall low-magnitude features in PC4 is an apparent doublet of peaks between 700
and 800 cm ™. As a result, we expect to see high scores along PC4 for samples in which this feature was observed.

Plotting the coefficients of PC2 vs. PC1 (Fig. 10a) results in significant separation of sample spectra. ADU1, ADU2, ADU3, and
ADU4 have PC1 coefficients between 0.250 and 0.275, meaning they are similar in terms of the contributions of features seen in PC1 to
overall spectra. Likewise, these samples have similar negative contributions along PC2. The ADU5 sample has significantly higher PC2
contributions than the rest of the samples and significantly lower contributions along PC1. The ADUS5 spectra, therefore, have much
stronger contributions from a solid phase with a prominent uranyl vibrational mode at 830 cm ™, rather than being dominated by
spectra similar to metaschoepite based on our previous discussion of features in the PC spectra. Notably, the ADU5 sample was
prepared with a solution stir rate much higher than the other samples, suggesting that this process variable induces the formation of a
unique solid-phase material, as faster stir rates during production may perturb normal precipitation processes resulting in a different
solid-phase product.

The slow stir rate used during the preparation of the ADU4 sample becomes evident upon examination of PC3 vs. PC1 (Fig. 10b). An
approximately linear correlation between coefficients of PC1 and PC3 is observed for ADU1, ADU2, and ADU3 samples, which were all
prepared with a stir rate of 400 rpm, further suggesting that the stir rate used during preparation significantly impacts the speciation of
precipitated phases. ADU5 again is an outlier because of its lower coefficient of PC1. This sample was prepared with a stir rate of
500-600 rpm. Likewise, a slower stir rate of 100-130 rpm was used to prepare ADU4, which has a high contribution of PC3 relative to
other samples and appears distinct from the 400 rpm samples (ADU1-3).

The high contribution of PC2 and PC3 to ADU5 and ADU4 samples, respectively, is further displayed in Fig. 10c, which shows
components of PC2 vs. PC3. Again, clustering of the ADU1-3 is observed. Recalling our assessment of the principal component spectra,
we can surmise that the high contributions of PC2 to ADUS5 arise from low-intensity high-energy vibrational modes in the range of
1045-1060 cm ', Furthermore, these samples may be characterized by a redshift with respect to intensity of spectroscopic features in
the uranyl region, and additional bands in the low-energy (~200-450 cm™!) region of the spectra. The high contribution of PC3 to
ADU4 is likely characterized by a redshift occurring in the 1045-1060 cm ™! region of the spectrum and a shift in intensity within the
uranyl region of spectra for these samples.
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Fig. 10. Binary plots of scores along (a) PC1 and PC2, (b) PC1 and PC3, and (c) PC2 and PC3. Significant separation of ADU4 and ADUS is observed
and may be attributable to spectroscopic differences arising from variability in process parameters.

Although we cannot definitively assign spectroscopic features to production parameters using PCA alone, spectroscopic variability
present in our samples does appear to correlate to differences in the stir rate used during synthesis. Notably, no influence on prepa-
ration temperatures used for ADU precipitation is observed in our PCA analysis. Aside from ADU1, which was prepared with a solution
temperature of 60 °C, all remaining ADU samples were prepared at solution temperature of 20 °C. If subtle spectroscopic differences
were to arise as a function of solution temperature, separation of ADU1 datapoints from the rest of the samples would likely be
observed in our PCA results shown in Fig. 10. PCA of Raman data, combined with qualitative Raman and IR assignment based on the
literature, and phase identification from PXRD indicate that significant differences in the obtained materials result from variability in
ADU processing parameters. The overarching result of PCA analysis is further confirmation that the primary phase precipitated during
ADU preparation is similar to the mineral phase metaschoepite, as indicated by the prominent spectral features in PC1 that are
attributable to a metaschoepite-like phase.

5. Conclusions

Despite the widespread appearance of ADU in uranium processing, we confirm previous suggestions that significant variability in
the solid-phase reaction products may be coupled to production variables. The higher temperature used to prepare ADU1, and the
interruption during the synthesis of ADU2, appear to have less influence on the solid-phase identity than stir rate because of the
spectroscopic similarity between ADU1, ADU2, and ADU3. The abundance of a metaschoepite-like phase, although observed previ-
ously, is correlated here with fast to intermediate stir rates, as evidenced by the lack of metaschoepite in the ADU4 sample, which was
prepared with a stir rate of 100-130 rpm. One possible explanation for the abundance of metaschoepite-like phases in faster stir rates
may be the relatively faster reaction kinetics of metaschoepite compared to other phases. Although we did not examine this possibility
systematically, further studies could explore the precipitation kinetics of individual phases in more detail to further elucidate this
mechanism.

Our Raman results indicate that nitrate is likely present in all samples, with varying local coordination suggested by the variable
number and intensity of nitrate modes in the Raman spectra of these materials. Raman spectroscopy also shows that multiple uranyl
coordination environments are present in all ADU samples, with the most prominent spectroscopic feature in the uranyl regions being
the 17 U-Oy; symmetric stretching vibrational mode. In most samples, this appears at approximately 840 em ™}, further evidencing the
strong metaschoepite phase contributions to ADU. However, ADUS5 is characterized by an additional peak at slightly lower energy
(828 cm™)), again suggesting that the faster stir rate used to prepare this sample (600-500 rpm) results in a metaschoepite-like phase,
albeit with additional spectroscopic contributions that may be related to this fastest stir rate.

The spectroscopic details associated with differences in ADU precipitation are further echoed in our PCA results. Distinct separation
of ADU4 and ADUS5 are observed in Fig. 10, and the variables that are unique for these samples relative to the remainder are the stir
rates used for preparation. Though we observed differences in the solid phases obtained from ADU precipitation using PXRD, a more
granular understanding of the variability within individual samples was provided by examining multiple spectra collected for particles
of each sample. Collecting Raman spectroscopic data in the range of 35-100 cm ! enabled identification of intrasample variability in
some samples, but without our additional data collections in the range of 1200-1800 cm ™}, intrasample variability in the ADU1 sample
would have been missed. Likewise, the complimentary Raman and IR spectroscopic datasets allowed for identification of both nitrate
and ammonium vibrational modes in our samples.

The exact structural details of some phases of ammonium diuranate remain unknown, we provide here new insight into the
structural and spectroscopic features in materials resulting from ADU precipitation as related to process parameters. We show that stir
rate appears to be a stronger determinant of ultimate phase composition than precipitation temperature. We further provide high-
quality PXRD data, and Raman, and IR spectra for ADU with known production parameters. With certainty, we can affirm previous
literature reports that describe ADU as multiphase mixture rather than a discrete solid phase having the composition NH4U505.
Additional investigations of ADU with other processing parameters, as well as explorations of the hydrolysis and environmental aging
of ADU may help to further clarify the exact details of this common fuel cycle material.
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