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ABSTRACT We synthesized uranium oxide nanoparticles using a plasma flow reactor (PFR) and
studied the effects of three different experimental parameters on the resulting morphologies and
speciation of the particles: 1) particle collection duration, 2) collection substrate temperature, and
3) radial collection position due to radial temperature gradients in the PFR. We also induced three
distinct temperature histories along the axis of the plasma flow reactor by varying the gas flow
rates downstream of the plasma torch. Transmission electron microscopy (TEM) analyses of
collected particles showed two phases of uranium oxide (fcc-UO2 and a-UQOs3). The chemical
compositions of the resulting uranium oxide particles were not altered by the three parameters
investigated in this work but varied based on temperature history induced. Preheating the
collection substrate led to deposition of fewer particles, which is attributed to a reduction in

thermophoretic force caused by the reduced temperature gradient for preheated substrates. The



relative amounts of UO2 to UO3 and particle size varied depending on the cooling history employed

during synthesis.

INTRODUCTION:

Fallout models simulate atmospheric transport of radioactive material in the aftermath of a
nuclear incident'. These models rely on chemical equilibrium assumptions to predict the
thermodynamically favored forms of relevant metal oxides (e.g. UO2, U3Os, etc.)>. However,
recent experimental studies that used benchtop setups®!! to synthesize uranium oxides under
controlled conditions (e.g. temperature, analyte concentration, etc.) indicated that rapid cooling
can lead to formation of metastable forms of oxides (a-UQO3)'? as opposed to more stable
compounds (e.g. fcc-UOz). Since the differences in the thermodynamic properties (e.g. vapor
pressures) of different oxides could influence the transport properties of radioactive materials', it
is important to determine how the kinetically driven processes might affect the chemical
composition of particles during the rapid cooling of a plasma. A recent study'* modeled the rates
of gas phase reactions and micro-physical particle formation processes (e.g. nucleation,
condensation, etc.) for uranium, and highlighted three areas of experimental research to improve
upon in support of obtaining more accurate model predictions. First, the extreme temperatures
needed for the synthesis of uranium oxides give rise to large thermal gradients across benchtop
setups—consequently, a single-point particle collection may not provide a representative picture
of the global distribution of chemical composition and particle size. Second, the chemical
composition of particles might vary during an extended collection period due to exposure of
nanoparticulate collected on the substrate to high temperatures (1000s K). For example, the
formation of different uranium oxide phases (e.g. UO2 vs. UO3) was shown to be highly sensitive

to variations in local oxygen concentration due to the use of different collection substrates at high



temperatures (e.g. carbon vs silicon nitride)°. Third, the temperature difference between the
collection substrate and hot gas stream might change during particle collection, altering the
collection efficiency due to variations in the thermophoretic force'*>'¢. Thus, more experimental
data collected under controlled conditions is required to understand the influences of these factors
on the composition, structure, and size of condensing uranium oxide particles in order to draw
meaningful comparisons between experimental data and model predictions.

In this study, uranium oxide nanoparticles are synthesized with a plasma flow reactor (PFR)’.
The particles are analyzed with transmission electron microscopy (TEM) to determine their crystal
structures and particle sizes. The effects of three experimental parameters on the resulting sizes
and speciation of the particles were investigated at three different cooling histories: 1) radial
position of particle collection at a given axial location along the reactor tube due to a radial
temperature gradient!’, 2) cumulative sample collection time, and 3) temperature of the substrate
for sample collection. Results of this systematic approach increase confidence in the interpretation
of PFR experimental data and will improve understanding of kinetics that affect uranium oxide
formation.

EXPERIMENTAL METHODS

Plasma Flow Reactor Setup
Uranium oxide nanoparticles are synthesized using the PFR under controlled flow conditions.

Figure la shows a schematic of the PFR setup, which is thoroughly described in previous
publications™®!*!*_ Tt consists of a 2-cm outside diameter (OD) inductively coupled plasma (ICP)
torch attached to a 4-cm OD quartz tube via an adapter piece (ring flow injector) located 4.5 cm
downstream of a radio frequency (RF) coil (x= 0 cm). Figure 1b shows a cross-sectional view of
the PFR. The innermost flow injects an aerosolized aqueous solution of uranyl nitrate to the plasma

via a nebulizer-spray chamber assembly. The outermost flow provides a barrier between the



plasma and the quartz wall to prevent melting of the tube. The ring flow provides optional
additional gas flow into the quartz tube via 1.6-mm holes oriented parallel to the PFR axis.

In this work, two argon gas flow rates (outermost and ring flow) are modulated to create different
temperature histories along the length of the tube (Figure 1c); the outermost flow rate through the
ICP torch is either 14.4 or 12.1 L/min while the ring flow rate is set to either 0 or 12.1 L/min. The
innermost flow and auxiliary flow (not shown) rates are fixed at 1 L/min and 0 L/min, respectively.
Figure Ic illustrates how the PFR temperature profile changes when different flow rates of argon
gas are introduced at the ring flow injector (black and red lines) compared to when no gas is
injected (blue line). The addition of ring flow results in lower upstream temperatures, and
temperature differences between the three cases (outermost/ring flow: 12.1/0, 12.1/12.1 and

14.4/12.1 L/min) decrease as the system cools downstream (past 40 cm).
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Figure 1. (a) Schematic of the PFR adapted from Rodriguez et al. '8. Copyright 2023 American
Chemical Society. (b) A cross section showing the radial location of input flows: outermost flow

and innermost (nebulizer) flow are introduced at the RF coil; ring flow is introduced 4.5 cm



downstream. (c) Temperature histories of the different flow conditions tested. (d) A schematic of

radial collection positions in a reactor tube cross section 25 cm downstream of the RF coil.

Particles are collected by positioning a silicon nitride film (Ted Pella P/N: 21502-10, mounted
in a TEM grid holder, Ted Pella P/N: 15469) in the reactor tube at a 25 cm distance from the RF
coil prior to PFR operation.

For these experiments, collection parameters (radial position, duration, substrate preheating, and
gas flows) were varied between tests (see test conditions) while the axial sampling position was
maintained at 25 cm for ease of comparison between studies. At the chosen distance of 25 cm,
temperatures are cool enough for particles to condense and for collection hardware to remain
intact, and the material lost to the reactor walls is minimized'’. To test the effects of radial position,
multiple TEM grids were mounted as shown in Figure 1d such that one of the grids was centered
with the reactor tube, two were ‘off center’ and one was close to the edge of the tube while
maintaining the same axial distance from the RF coil. After collection, TEM grids were analyzed
with a FEI Titan 80-300 S/TEM transmission electron microscope with Super-X G-2 X-ray energy
dispersive spectroscopy (EDS) system. Selected area electron diffraction patterns (SADP) were
used to determine crystal structure, and TEM images were analyzed using Imagel software to

determine particle morphology, aspect ratio, and coverage .

Test conditions
Table 1 summarizes the experimental conditions for each test including TEM results, which are

discussed in the results section. We examined the effect of varying flow conditions, specifically
the outermost and ring flow rates (which affect cooling rate), as well as three different parameters
related to particle collection: preheating of the collection substrate, collection duration, and the

radial position of particle collection. In Tests 1-3, the collection substrates were preheated (Table



1) to determine the dependence of particle collection on thermophoresis [16]. Preheating refers to
the PFR being on without any analyte injection—effectively heating up the substrate before the
analyte is added to the plasma. The collection duration was increased from 3 to 6 to 10 minutes
(Tests 1-5) to determine if extended collection times would lead to changes in particulate
characteristics due to latent heating of the substrate from the heated flow. Collection duration is
defined as the amount of time during which the plasma was on with the nebulizer injecting uranyl
nitrate solution into the plasma.

In Tests 6-11, the radial position of the collection substrate was varied as shown in Figure 1d to
assess differences in particles collected due to the radial temperature gradient at a given axial
position in the reactor tube (temperature is highest at the center of the reactor tube and lowest at
the walls) . Tests 6-11 also compared the effects of two ring flow rate conditions (0 and 12.1
L/min) for uniform collection times (three minutes) with no substrate preheating.

Table 1. Summary of test conditions and species detected in TEM analysis.

Test Outermost flow | Ring flow Preheat Collection Nominal
4 (x=0 cm) (x=4.5 cm) | Duration Duration Collection Species formed
(L/min) (L/min) (min) (min) Position
1 14.4 12.1 5 3 Center UO2 + 0-UO3 mixture
2 14.4 12.1 5 6 Center UO2 + 0-UO3 mixture
3 14.4 12.1 5 10 Center UO: + a-UO;3 mixture
4 14.4 12.1 0 3 Center UO; + a-UO3 mixture
5 14.4 12.1 0 10 Center UOz + 0-UO3 mixture
6 12.1 0 0 3 Center UO2 + 0-UO3 mixture
7 12.1 0 0 3 Off Center UO2 + 0-UO3 mixture
8 12.1 0 0 3 Edge U0z + a-UOs3 mixture
Predominantly UO»,
9 12.1 12.1 0 3 Center weak a-UOs
10 12.1 12.1 0 3 Off Center | Tredominantly UOy,
weak a-UO3
Predominantly UO2,
11 12.1 12.1 0 3 Edge weak 0-UOs

RESULTS AND DISCUSSION:

Figure 2 shows TEM images and corresponding SADPs of particles collected from Tests 1, and

3-51in Table 1. These tests were designed to study the effects of substrate preheating and collection



duration on particle formation. The results show that increasing the collection time from three to
ten minutes leads to higher particle number density as shown by increased surface coverage of the
substrate (left vs. right column of Figure 2). In contrast, preheating of the collection substrate leads
to a significant decrease in particle number density (top vs. bottom row of Figure 2).

Reduced particle coverage on the sample surface could be driven by thermophoretic effects

wherein temperature gradients cause particles to gravitate towards cooler regions or surfaces >,
Particle flux due to thermophoresis is given by the following equation®':
dT /dx Equation 1

]T_ T T

where Jr is the particle flux due to thermophoresis, 7 is temperature, and Dr is the
thermophoretic diffusion coefficient, which depends on thermal conductivities of the flowing gas
and particles, dynamic viscosity, gas density, and concentration of particles. d7/dx can be
estimated based on the temperature difference between the collection substrate and gas flow for
the two cases tested in the work: preheated vs. not preheated substrates. The substrate is heated by
convection due to the hot gas stream. When the substrate temperature increases, it can lose heat by
radiation. Therefore, the temperature of the substrate at steady state conditions will be given by

the following heat transfer balance:

— 4 4 .
h(Tgas - Tsubstrate) - O-g(Tsubstrate _Tsurrounding ) Equatwn 2

where the right and left-hand sides of the equation represent the convective and radiative heat
transfer, respectively. / is the convective heat transfer coefficient which can be calculated from an

empirical correlation developed for external flow past a sphere (i.e., thermocouple bead)*> . ¢ is



the Stefan-Boltzmann constant (5.67 x 10 W/m?K*), ¢ is the emissivity of the thermocouple, and
Tsurrounding 1S the room temperature (293 K).

The measurements based on a K-type thermocouple (placed at the same position as the substrate)
indicated ~950 K at 25 cm after allowing it to reach a steady-state temperature. If we assume equal
temperatures for the thermocouple and substrate, then from Equation 2, Teas= 978 K. This means
there is a temperature difference of 28 K between the substrate and gas when the substrate is pre-
heated. If the substrate is not preheated, it is at room temperature when it is first positioned within
the PFR, and the temperature difference between the substrate and gas could be as high as 650 K.
Therefore, there will be a factor of ~ 23 difference in d7/dx between the two cases with and without
substrate preheating?®?’. With the reduced temperature gradient, particle deposition on the
collection substrate is significantly reduced, as shown in Figure 2. The relatively slow rate of
substrate heating throughout the particle collection period could potentially account for the notable
difference in percent coverage between preheated and non-preheated substrates, even in cases
where collection times were extended (right column of Figure 2, calculations shown in the

Supporting Information).
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Figure 2. Comparison of Tests 1 and 3-5 for preheating effects (heated or non-heated substrate)
and different collection durations (3 or 10 minutes). The first row shows particulate collected with

no substrate preheating, and the second row shows samples collected on preheated substrates for



two different collection durations, 3 and 10 minutes. These samples were prepared under 14.4

L/min outermost flow and 12.1 L/min ring flow.

While particle coverage varies with collection duration and substrate preheating, the SADPs
reveal a mixture of a-UO3 and UOz2 in Tests 1-5. This suggests that substrate preheating (in the
range of 1000s K) for extended collection times does not induce measurable changes in the
crystalline phase of the collected particles. In other words, the crystalline phases are established
prior to their deposition onto the substrate.

The higher magnification TEM images of Tests 1-5 do not show a pronounced difference in
primary particle size with preheating or change in collection duration (Figure S1 in supplementary
material). This suggests that preheating does not influence primary particle formation upstream of
the substrate. However, preheating of the substrate does affect the particle number density.
Previous studies showed that nanoparticles in elevated temperature environments can deposit on
collection substrates in two different ways: larger particles are preferentially attracted to surfaces

due to their greater inertia 252

, whereas smaller particles predominantly follow established fluid
flows and may deposit via Brownian diffusion®**2. Thus, cooled substrates are used (e.g. studies
of soot nanoparticle deposition) to drive particles to the substrate via thermophoretic force,
eliminating biasing in particle size distribution®”.

Previous temperature measurements within the PFR have shown that there are radial variations
at a given axial position. For example, at a distance of 25 cm from the plasma, temperature
measurements showed a gradient from ~900 K at the center of the reactor tube to ~500 K at the
edge'’. Since particle formation is sensitive to local temperature conditions'®, samples were

collected from different radial positions for comparison in Tests 6-11 (Table 1). Figure 3 shows

the TEM images of particles collected at different radial positions. To determine if varied flow
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conditions led to different radial distributions of collected particles, Tests 6-8 were collected
without ring flow (0 L/min), and Tests 9-11 had ring flow set at 12.1 L/min. All 0 L/min ring flow
samples (Tests 6-8) showed chained/aggregated particles of mixed a-UO3 and UO2, whereas 12.1
L/min ring flow samples (Tests 9-11) displayed dispersed (non-aggregated) particles and
predominantly UOz. The particles collected from the 0 L/min ring flow case (Tests 6-8) are visibly
more agglomerated than those from the 12.1 L/min ring flow condition (Tests 9-11). These
findings align with experimental results discussed in prior research, which explored the cooling
impact of ring flow on uranium oxide formation'®. The introduction of ring flow reduces the
system's reactivity by introducing additional room-temperature argon, thus diminishing U-O
collisions and effectively "quenching" particle growth—freezing the particle evolution and
kinetics'**3¢, Particles predominantly condense from the gas phase as UO2 and remain in that
form. This results in a higher proportion of UO2 formation, as opposed to UO3, and smaller
particles'®. Without ring flow, U-O collisions occur more often and UO3 forms, condensing out of

the gas phase as such. Previous modeling studies®** suggest that UO3 formation occurs in gas
phase (e.g. UO2 + %029 UQO3), rather than upon the substrate after UO2 particulate has been

formed.

No change in crystal structure and particle size between the different radial locations was
observed for either flow condition (0 and 12.1 L/min ring flow). However, for the 0 L/min ring
flow condition (Tests 6-8), as the substrates are moved radially outward from the center of the
reactor tube there appears to be a decrease in the number of collected particles (Figure 1d).
Conversely, particle number density is consistent across 12.1 L/min ring flow cases. We
hypothesize that this phenomenon may be induced by the increased mixing (and thus improved

homogeneity) provided by the presence of ring flow in Tests 9-11, a finding corroborated by
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Shigeta and Nishiyama in a study of metallic nanoparticles (Ti and Al) synthesized using a

inductively coupled plasma reactor?’.
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Figure 3. TEM images and selected area diffraction patterns (SADP) from variation in radial

position tests 6-8: 12.1 L/min outermost flow, 0 L/min ring flow, 3-minute collection duration, no
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preheating, and tests 9-11: 12.1 L/min outermost flow, 12.1 L/min ring flow, 3-minute collection
duration, no preheating. SADPs from the 0 L/min ring flow samples indicated mixed UO2 and a-

UOs3, and those with 12.1 L/min ring flow predominantly UOx.

In summary, our results show that the chemical composition of uranium oxide nanoparticles varies
between UO2 and UOs as the cooling rate during synthesis is changed between the high
temperature plasma (~ 5000 K)® and particle collection position (~ 900 K)!”. However, the
chemical composition does not appear to vary with radial temperature gradients between 500 K
and 900 K. The thermophoretic effect influences the amount of particulate collected on the
substrate but not its composition, as does the collection duration. Although the varied collection
parameters (duration, preheating, and radial position) do not change the composition of uranium
oxide nanoparticles produced, increased cooling rate results in more UOz particles, demonstrating
the sensitivity of the uranium-oxygen system to thermal gradients. This study lends credence to
older studies performed to synthesize particulates within the PFR %1718 Tt also reveals the current
limitations of the PFR technique in that one-to-one comparison between model predictions and
experimental measurements requires an improved design for particle collection that prevents
biasing in the collection of nanoparticles due to size'*. This limitation can be overcome in a future
study by using a cooled collection substrate, driving the particles towards the substrate via
thermophoretic force. Conversely, a model can be developed to take the biasing into account by
calculating a collection efficiency as a function of particle size to estimate the fraction of particles
that impact the collection substrate by different means (e.g., inertial impaction vs. Brownian

diffusion).
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CONCLUSION:

Uranium oxide nanoparticles formed in a plasma flow reactor were analyzed using TEM images
and SADP to determine the effects of parameterized collection conditions (duration of collection,
preheating of substrate, and radial position) on their formation and chemistry. This systematic
study yields insight into strengths and limitations of the PFR, which is a unique experimental
system used to study particle formation from a plasma state under varied cooling conditions.
Collection duration does not affect the type of uranium oxide formed, nor does preheating the
collection substrate. Increasing collection duration leads to higher particle coverage, and
preheating had the opposite effect due to thermophoresis. No significant change in particles
collected was seen with radial collection position aside from a slight decrease in particle number
density as the substrates were moved radially outward from the center of the reactor tube in the
cases without ring flow. The slight radial decrease in number density was not observed with the
presence of ring flow, suggesting that the increased turbulence and better mixing at higher flow
rates help achieve a more uniform distribution of particles. This also indicates the radial
temperature gradients and resulting effects decrease with added ring flow. Added ring flow also
led to smaller particles and a higher proportion of UO2 formation. These findings are particularly
useful in the context of prior work and lend further credibility to other studies of nanoparticulate
formed in flow reactors to provide empirical data to validate predictions from fallout transport and

kinetics models.
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Supporting information file includes heat transfer calculations for steady state temperature of
preheated substrate as well as magnified images of nanoparticulate from Tests 1-5, which were
collected for different durations of time with and without preheated collection substrates.
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