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Colloids from the aqueous corrosion of uranium nuclear fuel
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Abstract

Colloids may enhance the subsurface transport of radionuclides and potentially compromise the long-term safe
operation of the proposed radioactive waste repository at Yucca Mountain. Little data is available on colloid formation
for the many different waste forms expected to be buried in the repository. This work expands the sparse database on
colloids formed during the corrosion of metallic uranium nuclear fuel. We characterized spherical UO2 and nickel-rich
montmorilonite smectite-clay colloids formed during the corrosion of uranium metal fuel under bathtub conditions at
90 �C. Iron and chromium oxides and calcium carbonate colloids were present but were a minor population. The esti-
mated upper concentration of the UO2 and clays was 4 · 1011 and 7 · 1011–3 · 1012 particles/L, respectively. However,
oxygen eventually oxidized the UO2 colloids, forming long filaments of weeksite K2(UO2)2Si6O15 Æ4H2O that settled
from solution, reducing the UO2 colloid population and leaving predominantly clay colloids. The smectite colloids were
not affected by oxygen. Plutonium was not directly observed within the UO2 colloids but partitioned completely to the
colloid size fraction. The plutonium concentration in the colloidal fraction was slightly higher than the value used in the
viability assessment model, and does not change in concentration with exposure to oxygen. This paper provides
conclusive evidence for single-phase radioactive colloids composed of UO2. However, its impact on repository safety
is probably small since oxygen and silica availability will oxidize and effectively precipitate the UO2 colloids from con-
centrated solutions.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A deep geologic repository under Yucca Mountain,
Nevada, is the proposed site for the disposal of high-
level waste and spent nuclear fuel in the US. To assess
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the safety of the repository, the DOE is developing
predictive models that describe the time release of radio-
activity. Radioactive colloids represent a potentially
important component in the environmental transport
of radioactivity from the repository. The formation of
clay colloids during the alteration of high-level waste
glass is well established [1,2] and recent studies describe
the production of colloids that form during the corro-
sion of spent nuclear fuel [1,3,4]. However, the total sys-
tem performance assessment [5], the governing scientific
volume on the progress of the Yucca Mountain Site
ed.
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Characterization Project, derives information on spent
fuel colloids from limited data gathered from tests on
commercial fuel that indicated very few colloids formed
during corrosion. DOE-owned fuels, from research, test,
and production reactors, have not been studied. At 2300
metric tons, metallic uranium nuclear fuel from the
N-production reactors at Hanford comprises the vast
majority of DOE-owned fuel and represents about 4%
of the total spent fuel inventory slated for deep geolog-
ical disposal. But, unlike commercial uranium dioxide
fuel, uranium fuel corrodes very quickly, consuming dis-
solved oxygen, and creating oxide products with large
surface areas [6] that facilitate surface reactions such
as dissolution.

It is well established that uranium metal oxidizes
quickly to UO2+x in water [6]. However, colloid prod-
ucts associated with uranium corrosion in water have
only recently been addressed in limited scope. These
studies have included oxidative fuel corrosion under
intermittent drips of well water [4], and under �bathtub�
conditions [7]. As part of a study on the corrosion of
uranium fuel, we sought to expand the colloid database
and identify any colloidal products that could form
during the corrosion of uranium metal fuel in water.
We chose to investigate, first, low oxygen conditions to
simulate conditions where oxygen has been scavenged
due to reaction with iron in the repository or reaction
with the uranium fuel itself. Then, we studied the more
probable scenario of oxygen being available for reaction
and determined its effects on the colloids. The effect of
sample aging was beyond the scope of this study. We de-
scribe the two predominant types of colloids formed –
nickel-rich smectite clays and uranium dioxide – and
their formation mechanisms. Oxygen dramatically re-
duced colloid numbers by precipitating uranyl silicates
from solution. Plutonium partitioned strongly to the col-
loid phase and those values are compared to the Total
System Performance Assessment modeling assumptions.
2. Methods and materials

2.1. Fuel and leachant

Both non-radiated and radiated fuel elements from
the Hanford N-reactor (<1% burnup) were used. The
actinide and fission product inventory for these fuels is
low compared to commercial UO2 fuels. Specimens were
separated from the cladding and cut into small wedges
(�100 mg). Then, they were polished to 600 grit with sil-
icon carbide paper or powder and ultrasonically rinsed
in deionized water.

The water leachant was either well water from the
J-13 well (near Yucca Mountain) modified by reacting
with the volcanic detritus called tuff that characterizes
the Yucca Mountain strata as described elsewhere [3]
or deionized water (>18 MX resistance). The modified
well water (herein referred to as �well water�) simulated
the water composition more likely to be encountered
in the repository since the well water would have passed
through many meters of tuff. It was rich in dissolved sil-
ica and other clay-forming elements (see Section 2.1 of
[9]). The deionized water was used to examine the for-
mation of UO2 colloids without interference from well
water-derived clay colloids (as will be described, clay
colloids formed when the well water was reacted with
the steel test vessel). This facilitated characterization of
the UO2 colloids by UV/VIS NIR, f-potential measure-
ments, and laser light scattering.

2.2. Test configuration

The test configuration, called a �bathtub� configura-
tion, was initiated by placing the uranium fuel specimen
at the bottom of a vessel, filling the vessel with water
(14–16 mL/100 mg, S/V = 0.023 m�1), and heating the
sealed vessel at 90 �C for up to 125 days. The vessel
(30 mL cap.) was either 304 L stainless steel, high-
density polyethylene (HDPE), or glass and was rinsed
with 1% HNO3 and deionized water prior to use. The
steel vessel simulated corrosion within the fuel package
while the HDPE and glass were used to avoid clay
colloid formation.

The O2 concentration in the water was either equili-
brated with air (oxygenated) or purged with N2 gas
(oxygen starved, <0.1 lg/g or ppm O2) for 10 min. The
exact conditions for each test are shown in Table 1.

The vessel was maintained at 90 �C until sampled. To
sample the test, the vessel was rapidly cooled to room
temperature by contacting the vessel with dry ice, the
cap was removed and small liquid (1.2 mL) or solid sam-
ples were withdrawn for analysis. The vessels were not
cleaned prior to test continuation. Tests were continued
after replenishing the water to the initial water volume in
the vessel and heating the vessel to temperature.

A first set of tests (1a, 2a, and 5) was run under oxy-
gen-starved conditions with non-radiated and radiated
fuel specimens. However, oxygenated conditions are ex-
pected to dominate the chemistry of the repository (see
page 3–68 of [5]). Therefore, we opened Test 1a and 2a
to air after the anoxic period and monitored the result-
ing solution over time (Test 1b, 2b). The corrosion prod-
uct produced in Test 5 was used for X-ray diffraction
analysis. Several controls were included to account for
the effect of the steel vessel on colloid formation with
fuel present (Tests 3–4) and absent (Tests 6–8). The suite
of controls facilitates the mechanistic understanding of
the origin of colloids in our complex system.

2.3. Analysis

All analyses were carried out at room temperature.



Table 1
Test descriptions

Test
number

Vessel
type

Cold or
hot fuela

O2 Duration
(d)

Purpose Analysis

1a Steela Cold None 115 Produce colloids under �realistic� conditions,
compare to radiated fuel

TEM, DLS

1b Steela Cold Air 61 Determine effect of air on colloids
from solution in Test 1

TEM, DLS

2a Steel Hot None 95 Produce colloids under �realistic� conditions Filtration, TEM, DLS
2b Steel Hot Air 70 Determine effect of air on colloids

from solution in Test 2
Filtration, DLS

3 HDPE Hot Air 56 Determine effect of O2 and smectite-clay formation Filtration, TEM, DLS
4 Glassb Cold None 50 Produce UO2 colloids and no smectite clays UV/VIS/IR, TEM, DLS,

f-potential
5 Steel Hot None 125 Characterize uranium oxide product XRD
6 Steel None None 151 Check contamination and growth of natural colloids TEM, DLS
7 HDPE None Air 14 Check growth of natural colloids TEM, DLS
8 Steel None Air 8 Check growth of natural colloids TEM, DLS

a Cold and hot refer to non-radiated and radiated fuel, respectively.
b Deionized water used instead of modified J-13 well water.
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2.3.1. Diffraction analysis

The powdered uranium-oxide corrosion product was
removed from the steel vessel after 125 days (Test 5) and
centrifuged to remove any liquid. A small amount of
ethanol was added and the slurry was dripped onto a
warm diffraction planchet (�zero-background� single
crystal silicon) and dried rapidly. The dried sample
was analyzed immediately by X-ray diffraction (Cu fila-
ment, 0.02�/step, 0.2�/min) and identified as UO2+x. A
silicon standard was used to check the instrument
calibration. Peak fitting routines (Jade 5.0) were used
to calculate the oxidation-state of the oxide product
and crystallite size.

2.3.2. Photocorrelation spectroscopy

For similarly-sized colloids, light scattering intensity is
directly proportional to colloid concentration. We
screened unfiltered liquid samples for colloids by mea-
suring the light scattering intensity at 90� (argon ion laser
at 3 mW, 515 nm, 500 lm PMT aperture). Samples with
intensities exceeding those for deionized water (<5 ·
103 cps) andmodifiedwell water stock (<7 · 103 cps)were
analyzed further. Large spurious light scattering intensi-
ties marked the presence of suspended material larger
than colloidal dimensions. Samples displaying such spuri-
ous signals were centrifuged for 10 min (·7200g) and
reanalyzed by light scattering. Latex standards were simi-
larly centrifuged to confirm that true colloids remain in
suspension, i.e., constant light scattering intensity. For
example, the light scattering intensity of 100 nm diameter
latex spheres remained constant after centrifugationwhile
the scattering intensity for 300 nm latex spheres dropped
by a factor of two.

We measured the temporal fluctuations in the scatter-
ing intensity over very short periods (<300 ls, Malvern
64 channel correlator) and analyzed the resulting corre-
lation function with CONTIN [8] to obtain colloid size
distributions. The size distribution was checked against
polystyrene standards from Duke Scientific (32, 73,
304 nm diameters) and NIST (SRM 1963 and SRM
1691, 100 and 269 nm diameters, respectively) for agree-
ment. Mean diameters are reported for all sample mea-
surements and the standard deviation is calculated from
the variance of the mean diameter measurements and
not from the variance of individual measurements since
the variance of individual sample measurements were
large. Polystyrene colloid concentrations could be esti-
mated based on the scattering intensity of known solu-
tions as reported in [9]. Bimodal standards prepared
from 32 to 100 nm standards confirmed our ability to
de-convolute distinct colloid populations.

2.3.3. Electron microscopy

Transmission electron microscopy (accelerating volt-
age = 200 kV) characterized the morphology of colloids
filtered through a film grid. Energy dispersive X-ray
analysis and selected area electron diffraction provided
micro-composition and d-spacing data, respectively.
We prepared grids by passing unfiltered sample leachate
through a hydrophobic formvar-coated grid (Ladd Re-
search). The hydrophobicity of the grid is believed to
cause significant sample artifacts by aggregating individ-
ual colloids heterogeneously across the grid. Our exper-
iments with hydrophobic formvar and hydrophilic
butvar grids (carbon grids modified in-house) showed
the degree of aggregation experienced by gold colloids.
However, it is unclear whether the butvar grids promote
the antithesis by artificially dispersing colloids during
sample preparation. Therefore, the microscopy method
for determining the dimensions of colloid aggregates is
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Fig. 1. X-ray diffraction pattern for UO2+x. Note the peak
positions for UO2 (top vertical marks) and UH3 (bottom
vertical marks).
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Fig. 2. Light scattering intensity as a function of test duration.
(+) Indicates control test 6 and 8 in steel vessels. (·) Indicates
control test 7 in HDPE vessel.
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not reliable and we defer to light scattering for this
information. There was no difference between colloids
observed in radiated and non-radiated fuels.

2.3.4. Absorption spectrophotometry

Absorption spectra of liquid samples (Test 4) were re-
corded (UV–Vis-NIR double-beam spectrophotometer)
to determine the bandgap energy of UO2 colloids. First,
0.5 mL of solution was centrifuged to accelerate the ef-
fect of gravity and remove large precipitates greater than
colloids. The supernatant was diluted with deionized
water (1:1 volume) and the absorption spectra
measured. The spectrum revealed two distinguishable
features, one dominated by scattering, and another
dominated by absorption. Resolving the two compo-
nents gave the threshold wavelength k which is a direct
measure of the bandgap transition energy [10],
ðEg ¼ hc

k Þ. Deionized water was the reference sample.

2.3.5. Surface potential/charge/zeta-potential

The surface charge measured by the zeta-potential
(ZetaPlus, Brookhaven Instruments Corp.) was per-
formed in unfiltered aliquots adjusted in pH with HClO4

or NaOH. The individual points represent mean values
of at least five measurements. The zeta-potential values
were measured in 10 mM NaClO4 solution (I = 0.01 m).

2.3.6. Solution isotopic analysis

Quantitative partitioning of elements to the colloid
and dissolved phases was measured by inductively
coupled plasma-mass spectrometry (ICP-MS). Samples
from Tests 2a and b were filtered sequentially through
a 450 nm filter (Millipore-Ultrafree CL), and 30 kDa
(<5 nm) filter to determine the fraction associated with
colloidal material (5–450 nm) and dissolved species
(<5 nm). Liquid samples were acidified to 1% HNO3

prior to ICP-MS analysis.
3. Results

3.1. Colloids formed under anoxic corrosion

In oxygen-free well water, uranium corrodes to a fine
black/brown oxide UO2+x free of hydride (Fig. 1).
The systematic shift in the X-ray diffraction lines corres-
ponded to a cell parameter a = 0.5462 ± 0.0003 nm
(5.462 ± 0.003 Å). This compares to 0.5440 nm (5.440
Å) for U4O9 (UO2.25) and 0.5468 nm (5.468 Å) for
UO2.03 suggesting a UO2.08±0.03 product in agreement
with the literature for corrosion in water-saturated oxy-
gen-deprived conditions [6]. The severe line broadening
corresponded to a very small crystallite size <10 nm, con-
sistent with the dimensions of the spherical UO2 colloids
discussed shortly.
Light scattering intensities (Fig. 2) increased with test
duration indicating a steady increase in the concentra-
tions of colloids. Scattering intensities as high as
1850 · 103 counts/s (1850 kcps, polydispersity index
PI > 0.3) greatly exceeded the background value of
<7 kcps (well water stock solution). These high scatter-
ing intensities persisted after a month of storage and
the large polydispersity index indicated broadly distrib-
uted colloid populations. Two major types of colloids
were found (Fig. 3), uranium dioxide and clays, along
with less prevalent colloids – Fe/Cr-rich colloids and
Ca-rich colloids.

3.1.1. UO2 colloids

The individual UO2 spheres were primarily <10 nm
in diameter (Fig. 3) but some were larger (100–
150 nm). The individual spheres were found most often



Fig. 3. Micrograph of (a) an agglomeration of UO2 spheres (diffraction pattern shown in inset) and (b) nickel-rich smectite-clay
colloids containing various diameter UO2 spheres.
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as agglomerates as large as 1000 nm, although most
were less than 250 nm. Some isolated non-agglomerated
spheres existed. Light scattering analysis of a solution
containing only UO2 colloids produced a mean size of
160 ± 60 nm (Test 4). Electron diffraction (inset in
Fig. 3(a), Table 2) was consistent with sub-stoichiome-
tric UO2. UV/VIS (Fig. 4) of the UO2 colloids provided
a bandgap energy of 2.98 eV (threshold wavelength
k = 417 nm) and the zeta-potential was pH2–3 (Fig. 5).

3.1.2. Smectite-clay colloids

Ubiquitous in samples containing both well water
and steel were nickel-rich layered silicate clays similar
in morphology to the smectite-clays described by Buck
and Bates [2]. The smectite clays (Fig. 3(b)) contained
Si, Ni, Fe, and Al to varying degrees according to
X-ray analysis. Electron diffraction analysis of morpho-
logically similar colloids generated in Test 8 produced
d-spacings (Table 2) consistent with montmorilonite
smectite-type clay. Unfortunately, the clay colloids were
too thin to provide a high-quality electron diffraction
pattern so we have no further evidence to assign these
colloids as smectite clays. The clays ranged in size from
Table 2
Diffraction data for UO2 and smectite-clay colloids

UO2 Montmorilonite smectite

Test 1a ICDD index Test 8 ICDD index

3.22 ± 0.04 3.155 2.47 2.56
2.63 ± 0.03 2.733 1.47 1.495
1.95 ± 0.02 1.933
1.68 ± 0.01 1.680
1.54 ± 0.01 1.578

-60

-40

-20

Ze
ta

 P
ot

en
tia

12108642
pH

Fig. 5. Zeta-potential of UO2+x.
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100 to >1000 nm as evidenced by microscopy. The mean
diameter determined by light scattering of the mixed col-
loids (clays and UO2 colloids) formed in the steel vessel
(Tests 1a and 2a) was 260 ± 60 nm (n = 15) suggesting
that the mean diameter of clay colloids was larger than
260 nm since the mean size of UO2 colloids was
160 ± 60 nm. We found the UO2 spheres often imbedded
within the smectite phase assemblage (Fig. 3(b)) although
it is difficult to determine whether this is an artifact of a
hydrophobic sample material or a realistic representation
of colloidal aggregation in the test solution.

3.1.3. Other colloids

Other less common types of colloids were aggregates
rich in iron and chromium, and those rich in calcium
(not shown). No other elements were detected with cal-
cium by X-ray analysis.

3.2. Effect of oxygen on colloids

When the fuel reacted in air (Test 3), the light scatter-
ing intensity was large but erratic (480–720 kcps)
indicating suspended material larger than colloid dimen-
sions. The intensity dropped to background levels
(4 kcps) after centrifuging. X-ray analysis and electron
diffraction showed that the suspended material was fila-
mentous crystals of weeksite K2(UO2)2Si6O15 Æ4H2O
(Fig. 6).

Oxygen appeared to have no effect on the nucleation
of the Fe/Cr-rich and calcium-rich colloids.
Fig. 6. Filaments of weeksite and UO2 spheres (electron diffraction o
could be seen attached to these filaments.
3.3. Colloid-associated radionuclide concentrations

3.3.1. Oxygen-starved conditions

The concentration of uranium (Fig. 7) and plutonium
in the colloid phase increased steadily during the corro-
sion of the metal in the absence of oxygen. At its highest
concentration, the colloid fraction was 3.8 · 10�5 M
(9100 ng/g or ppb) uranium as opposed to a dissolved
concentration of 4.2 · 10�6 M (1000 ppb). Plutonium,
constituting <0.2% of the burned fuel mass, partitioned
nearly quantitatively to the colloidal fraction at
1.6 · 10�8 M (3.9 ppb), 1.3 · 10�7 M (30.6 ppb), and
1.7 · 10�7 M (41 ppb) after 28, 41, and 95 days, respec-
tively. The Pu/U ratios in the colloidal fraction were
0.010 ± 0.005 and 0.0045 ± 0.008 for 41 and 95 days,
respectively. These values are much greater than the
pre-corroded fuel matrix ratio of 0.002. Only one sample
contained dissolved Pu in detectable concentrations
(Pu = 2 · 10�9 M at 41 days).

Neptunium concentrations were below the detection
limits of 8.4 · 10�10 M (0.2 ppb).

3.3.2. Oxygenated conditions

When oxygen was made available to a previously an-
oxic test solution, the uranium concentrations (Test 2b)
associated with the colloids decreased steadily to
9.7 · 10�6 M (2300 ppb) from 3.8 · 10�5 M (9100 ppb)
after 70 days; the dissolved fraction increased from
3.8 · 10�6 M (900 ppb) to 1.9 · 10�5 M (4500 ppb)
during this time. Light scattering intensities reflected a
f weeksite shown to the right). The agglomerated UO2 spheres
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similar decrease in colloid concentration, showing a
decrease from 1800 kcps to 270 kcps after 45 days and
350 kcps after 70 days exposed to oxygen. This intensity
is greater than observed for the blank that produced
clays, Fe/Cr-rich, and calcium (carbonate) colloids sug-
gesting that the UO2 colloids persisted after 70 days,
which agrees with the filtration colloid data.

Plutonium remained partitioned quantitatively to the
colloid fraction. The measured concentrations were
1.7 · 10�7 M (41 ppb), 2.3 · 10�7 M (55 ppb), and
1.1 · 10�7 M (26 ppb) for 0, 35, and 70 days exposed
to air, respectively. The Pu/U ratios in the colloidal frac-
tion were similar to oxygen-starved conditions, being,
0.012 ± 0.005 and 0.011 ± 0.005 at 35 and 70 days,
respectively. Neptunium was below detection limits.

Analysis of filtrates from Test 3 confirmed the parti-
tioning of uranium mostly to large particulate (85 ± 7%)
as opposed to the colloid (8 ± 1%) and dissolved
(4.5 ± 0.3%) fractions, consistent with the observed pre-
cipitation of weeksite and persistence of UO2 colloids.
The total uranium in solution was 9.5 · 10�5 M
(22500 ppb). Plutonium, partitioned to the colloid phase
(58 ± 35%) and large particulate (40 ± 40%), indicated
incorporation within the weeksite crystals. The total plu-
tonium found in solution was 1.5 · 10�7 M (35.4 ppb).
Neptunium was found in the large particulate
(60 ± 38%) and in the dissolved fraction (27 ± 9%) with
possibly some in the colloids (16 ± 28%). The total nep-
tunium found in solution was 1.6 · 10�9 M (0.37 ppb).

With microscopy, we identified nickel-rich smectite
clays and Fe/Cr-rich colloids and their persistence
during these tests.
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Fig. 7. Colloid (circles) and dissolved fractions (squares) for
uranium.
3.4. Maximum colloid concentrations

3.4.1. UO2 colloids

Two methods were available to estimate colloid
concentrations in our laboratory. The first method [9]
compares light scattering intensities to known concen-
trations of latex nanospheres of similar diameter. This
method works well for refractive indices that are closely
matched between unknown and standard but can be
inaccurate for unmatched refractive indices [11]. The
refractive index for UO2 (nRI = 2.4 [12]) is different than
latex (nRI = 1.53–1.64) so this method of calculation
would represent an upper limit. However, the scattering
intensity is proportional to the particle refractive index,
so we can divide the scattering intensity of the UO2 col-
loids by the ratio nUO2

RI =nPSRI ¼ 1:5 to obtain an equivalent
polystyrene scattering intensity. Then, Fig. 8 can be used
with confidence. Since we do not have laser light scatter-
ing intensities of UO2 colloids alone we must estimate its
values from combined UO2 and clay colloid scattering
intensities. A maximum scattering intensity of 1850 kcps
is conservative. Based on microscopy, we observed
roughly equal proportions of UO2 aggregates and clay
colloids. So, if the UO2 and clays scattered light identi-
cally (i.e., identical refractive indices, size, and shape),
the scattering intensity for the UO2 colloids would be
approximately one-half 1850 kcps or 925 kcps. But, the
refractive indices are different and the size is different.
We assume the differences in shape can be ignored (see
Section 3.4.2 for in depth explanation). We can account
for these differences by invoking nUO2

RI =nPSRI ¼ 1:5 and the
sixth power relationship between size and scattering
intensity

I160 nm
I200 nm

¼ ð80Þ6

ð100Þ6
¼ 0:262. ð1Þ

Combining this value with the refractive index we arrive
at the relationship

IUO2

Iclay
¼ 0:4. ð2Þ

Then,

Iclay þ IUO2
¼ 1850;

Iclay þ 0:4 Iclay ¼ 1850;

Iclay ¼ 1320;

IUO2
¼ 530.

ð3Þ

By employing this technique and assuming a
colloid diameter of 300 nm,1 a maximum UO2 colloid
concentration of 2 · 1011 particles/L was derived. For
100 nm colloids, the estimated maximum UO2 colloid
1 We are forced to correlate with 100 and 269 or 300 nm
spheres because 160 nm spheres are not available for analysis.
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concentration was 2 · 1013 particles/L. By performing a
linear interpolation [9] between the particle concentra-
tion and log of the radius to the sixth power, we arrive
at a concentration of 3 · 1012 particles/L with 160 nm
diameter.

Another method is by simple geometric calculations.
We assumed the colloids were composed of spherical
agglomerates of UO2 with diameters matching the light
scattering data2 of D = 160 nm and maximum uranium
concentration consistent with the data in Fig. 5
(9100 ppb). Each spherical agglomerate has a mass of
(4/3)pq(D/2)3 = 5.8 · 10�12 ng/particle with diameter D
in nm and density q equal to 11 g/cm3 and a packing
fraction of 0.7. We can calculate the particle density

9100 ng
g

h i
� 103 g

L

� �
� 238þ32

238

� �
gUO2

gU

ð4=3ÞpqðD=2Þ3 � 10�12 cm3

nm3
ng
g

h i
� 0:7

¼ 7� 1011 particles=L. ð4Þ

If we assume D = 10 nm, consistent with the TEM
observations of the individual UO2 spheres, then the
concentration of individual spheres was 2 · 1015 parti-
cles/L.

3.4.2. Clay colloids

To determine the clay colloid concentrations, we as-
sume that the majority of colloids generated in the blank
2 We use 160 nm from Test 2 instead of 260 nm from Test 1
because Test 2 solution analysis did not contain interference
from clay colloids.
Test 8 were clays (good assumption based on micros-
copy). The refractive index for clays (nRI = 1.6) matches
well with latex but it is apparent from microscopy that
the morphology of the clay aggregates was not spherical
(Fig. 2(b)) but more circular or similar to a flat, square
cylinder. From [11], the hydrodynamic radius and radius

of gyration for a sphere is r and
ffiffi
3
2

q
r, respectively. The

same values for a flat, square cylinder are 3
2
r and

ffiffi
1
2

q
r,

respectively. Since these values are within the errors
associated with our methods of estimating the colloid
concentration, we ignore them with negligible conse-
quence. The light scattering intensity (160 kcps) corre-
sponded to 1 · 1011 particles/L assuming the clays are
300 nm average diameter or 6 · 1012 at 100 nm. A sepa-
rate experiment conducted in steel vessels with well
water exposed to air produced an average clay size of
200 nm. The concentration of 200 nm colloids is
4 · 1011 particles/L using the same interpolation method
described above.

4. Discussion

There is a deficit in data on the occurrence of differ-
ent types of colloids formed during the corrosion of nu-
clear fuel, especially those carrying radioactivity.
Pertinent colloid information includes type, concentra-
tion, mechanism of formation, radioactivity loading,
and stability.

The type of colloids formed within a particular test
depends on the available reactants (Table 3). Since
glass,3 HDPE, and deionized water do not provide un-
ique reactants for corrosion or formation of colloidal
products, the reactants considered include uranium fuel,
steel from the vessel (providing iron, chromium, and
nickel), dissolved components in the well water, and
O2. Aqueous corrosion of uranium fuel under bathtub
conditions produces copious colloids of both uranium-
rich spheres and nickel-rich montmorilonite clays. It is
clear from microscopy that UO2 colloids form regardless
of whether well water or deionized water is used. It is
also clear from microscopy that both the steel and well
water are needed to produce clay colloids. The Fe/Cr
oxide and calcium colloids also appear to require both
steel and well water. Iron oxyhydroxides are common
natural colloids and we conjecture that Cr(III) may re-
place ferric ions in the colloid thus explaining the pres-
ence of chromium. In addition, colloids rich in calcium
are formed. These are probably calcium carbonates,
since no other elements were detected. But, when the test
vessel was HDPE (Test 7) the well water does not foster
colloid nucleation (light scattering intensity = 10 kcps)
3 Silica leached from the Pyrex glass is expected to be minimal
during the test period due to the silica-saturated conditions of
the well water.



Table 3
Reactants and colloid products (as identified by transmission electron microscopy)

Reactants present Colloid products observed

U Steel J-13a O2 Clays UO2 Fe/Cr Ca Weeksite

X X X X X X X –
X X X X X X X X X
X b – X – – –

X X X – X X –
X X X X – X X –
c X – – – – –

Weeksite is shown to highlight effect of O2 although the weeksite crystals settled out of solution as a precipitate.
a Well water.
b Reacted in deionized water.
c Reacted in an HDPE bottle.
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significantly greater than the background value. Oxygen
affects only the UO2 colloids, causing the partial oxida-
tion, dissolution, and subsequent precipitation of week-
site crystals.

4.1. UO2 colloids

Initially, and regardless of oxygen concentration, the
uranium-rich colloids are UO2. Electron diffraction and
energy dispersive X-ray analysis indicate such. The mea-
sured point of zero-charge (pH = 2–3) is consistent with
literature values (3.0 for natural uraninite [13] and ura-
nium rich ore [14]) and the bandgap energy of 2.98 eV
corresponds well to the literature values for mono-crys-
talline UO2 (2.90–3.05 eV) [15]. X-ray diffraction
confirmed the formation of colloid-size crystallites
<10 nm consistent with the diameter of individual UO2

spheres (Fig. 2(a)) suggesting that a spallation mecha-
nism describes UO2 colloid formation. This mechanism
differs from the redox precipitation of uranyl ions
described recently by O�Loughlin [16]. Agglomerations
appear to be common and diameters widely vary but
are predominantly <250 nm, as indicated by microscopy
and light scattering. However, there is evidence that a
colloid population with diameter <10 nm may exist with
concentrations up to 2 · 1015 particles/L.

The mechanism of formation of the UO2 colloids is
consistent with spallation directly from the fuel surface.
A similar mechanism was reported by Buck and Bates
[2] as an explanation for the smectite-clay colloids
formed during the corrosion of high-level waste glasses.
Spallation arises due to the excessive strain energies
developed within the lattice from the disparity in densi-
ties between the metal substrate (q = �19 g/cm3) and
the oxide film (q = �11 g/cm3). As further evidence,
the steady increase in colloidal uranium concentration
(Fig. 2) points to spallation since the amount of spalled
colloids should be, then, directly related to the amount
of corrosion (oxidation). If solubility limits for UO2

had been reached, then a threshold concentration of dis-
solved uranium should have been reached prior to col-
loid formation. This is not the case as colloids are
found immediately and increases with test duration as
the dissolved uranium concentration increase during
the anoxic period.

The spallation of UO2 colloids is significant because,
as the data shows the UO2 colloidal products will form
regardless of the presence of oxygen. That is, the UO2

colloids will form first in the paragenetic sequence. Oxy-
gen promotes a decrease in colloidal uranium while the
dissolved component increases as uranyl species are
formed. Microscopy and light scattering illustrate the
near elimination of suspended colloidal material in oxy-
genated water and the precipitation of filaments of
weeksite consistent with silica-rich natural systems [17].

The concentration of UO2 colloids was dependent on
the availability of oxygen. When oxygen is absent, the
UO2 colloid concentration is 7 · 1011 particles/L from
geometric calculations. This value matches reasonably
well the peak number 3 · 1012 particles/L calculated
based on light scattering intensities. The presence of
oxygen will eventually reduce the UO2 colloid concen-
tration to less than unreacted well water concentrations
of 1010 particles/L although this drop is not instanta-
neous. It is interesting to consider whether stable popu-
lations of individual, dispersed UO2 colloids exist in
solution in addition to the 160 nm aggregates. Micros-
copy clearly supports the possibility and Mertz et al.
[7] reported laser light scattering data that described a
bimodal uranium colloid distribution with mean values
of 4 ± 1 and 145 ± 22 nm. It certainly is possible that
the 4 nm colloid component was below detection limits
set by the dramatically more efficient scatterers making
up the larger 160 nm component. Indeed, the scattering
intensity ratios I10nm/I160 nm = 2 · 107 provide theoreti-
cal basis. We estimate the detection limits for our
10 nm UO2 colloids by assuming that a peak height of
<10% cannot be resolved by our photocorrelation spec-
trometer and calculate the intensity ratio based on
peak area, peak area = 38 (10% of 380 = 38 kcps). This
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intensity and Fig. 8 indicate a detection limit of
9 · 1014 particles/L for 30 nm colloids or 7 · 1017 parti-
cles/L for 10 nm colloids, making it impossible for light
scattering at 3 mW to detect these concentrations. The
peak values for 160 nm colloidal aggregates are two or-
ders of magnitude higher than the concentration of nat-
ural colloids incoming to the repository (see page 3–73
of [5]). The peak values for 10 nm colloids are seven or-
ders of magnitude higher than natural colloids.

4.2. Plutonium disposition

Plutonium is unequivocally partitioned to the colloi-
dal fraction and not affected by oxygen during the study
period, although its exact disposition (i.e., distinct Pu
colloid phases or sorbed to clays) could not be identified.
The enrichment of plutonium compared to uranium in
the colloids strongly suggests that the two elements fol-
low different reactive paths, which we will explain. First,
we expect plutonium to be incorporated in the UO2 col-
loids during the solid-state oxidation of the metal if
the release of Pu and U is congruent. Thus, the concen-
tration within UO2 colloids is expected to correlate with
the Pu/U ratios in burned fuel (0.2%) or 9100 ppb ·
0.002 = 18.2 ppb Pu in the UO2 lattice. We would also
expect the congruent release of plutonium when ura-
nium dissolves. With 1000 ppb uranium dissolved in
solution, we expect 1000 · 0.002 = 2 ppb Pu released
to solution to remain dissolved or available to react fur-
ther. The calculated total of 20 ppb plutonium is much
less than the 41 ppb found in solution. Thus, we must
conclude that congruent release of plutonium from the
fuel is inaccurate, an observation consistent with that
of [18]. However, we still cannot account for the dispo-
sition of plutonium – where is half of it? Plutonium can
strongly sorb to clays but current understanding and
models [19] require an equilibrium between soluble and
sorbed plutonium species. As we did not find any soluble
plutonium, and partitioning coefficients measured for
plutonium on clays is not sufficiently high [19], clays
cannot account for plutonium sorption to clay surfaces.
Thus, we are left to consider discrete plutonium colloids
existing as plutonium polymers [20] as described in the
Yucca Mountain modeling reports [19]. Since little is
known about the stability of plutonium polymers we
cannot support or refute its existence. We measured
plutonium colloid concentrations of 1.6 · 10�8–1.7 ·
10�7 M, the highest value being slightly higher than
the TSPA value of 8 · 10�8 M (I < 0.01 m) [19].

4.3. Neptunium disposition

Neptunium could not be determined with accuracy in
the colloid phase although the total concentration is low
in the uranium fuel compared to other fuels expected in
the repository.
4.4. Clay colloids

A common feature for the colloids formed in the steel
vessel with well water is the persistence of nickel-rich
montmorilonite smectite clays. Clays were a common
feature in the corrosion of borosilicate glass [2] and ura-
nium–aluminum intermetallic fuels [9], but the preva-
lence of nickel in the smectite clays is unique to this
system presumably due to direct contact between the
steel vessels and the fuel during oxidation. The maxi-
mum concentration of nickel-rich smectite colloids is
estimated to be 4 · 1011 particles/L and was not affected
by oxygen. The presence of nickel in the smectite clays
found here suggests that the corrosion of the steel vessel
was an integral part of the mechanism of their forma-
tion. The participation of steel components is also sug-
gested by the lack of colloids in tests run with HDPE
(Fig. 2).
5. Conclusion

We expanded the breadth of knowledge on the col-
loids formed from one particular fuel expected for dis-
posal in the repository. The UO2 colloids are the first
conclusive evidence for single-phase radioactive colloids
that has been reported in the literature. The work by
Finn et al. [18] suggested that uranyl-type colloids may
exist after corrosion of commercial UO2 fuel but the evi-
dence was very sparse, finding only one such particle
during their microscopic examination. The data in Finn
et al. [18] suggest, instead, that the uranyl-type colloid
that was reported may be as likely an experimental arti-
fact as evidence for colloids. Our results show that UO2

colloids are the primary paragenetic outcome during the
initial corrosion phase of uranium fuel, but, if oxygen is
provided to the system, as the TSPA models predicts,
then the uranyl silicates will precipitate from solution
and greatly reduce or eventually eliminate the UO2

colloid population.
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