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QUANTITATIVE ANALYSIS OF HYDROGEN GAS
FORMED BY AQUEOUS CORROSION OF METALLIC URANIUM

by

Jacqueline E. Fonnesbeck

ABSTRACT

Three unirradiated EBR-II blanket fuel samples containing depleted uranium metal were
corrosion tested in simulated J-13 well water at 90°C. The purpose was to study the products of
the aqueous corrosion of U metal i.e UO,, UO,, , UH;, and H,. The corrosion products were
weighed for mass balance and analyzed by x-ray powder diffraction. The data showed that UO,
powder, as well as higher oxides i.e. UO, ., had formed. However, no UH; was detected. The
corrosion rate of uranium metal in water at 90° C was inferred by collecting and quantitatively
measuring the hydrogen gas evolved.



ma\ =y ;p""m-uu_' TS i N o
ﬂF‘ . pieiiat ST R h ST B .
L v b i AT PR SR
Figme s WO T g G A IO TH LI
e i

Figuw n T SR SIS § R T o 1 I

TS

L SR s
TRt I S
Iaio ] [P T S T R '
fmltie 3. Lasyww@d:) sy 0. - - -
Yablel pél S a r v bR
Tahic b Y R P - v . -
e hbll! mﬂ;_”?\.‘lé\' TR A TR O W - i w4 ng _J_"'Jtr‘ E

Sodgpiteccy pattd el - ¥ ST L o AT ' e T R
AR Ay ] AT ik L PG | i PRSI ‘ LI S
AOUN rets P b st Sel | op RTTE Ju e wLRENE 2R
mil betotel sew I oo uawee e L L [T LR R
vhwaissiiagy: Loe guat o s 27 el L e Aa 0 ey

v OIS 1At T B



I. INTRODUCTION

The effects of aqueous corrosion of metallic uranium is an important parameter in
understanding the degradation of spent nuclear fuel (SNF) during interim and extended storage.
Apart from the effects on radionuclide release, aqueous corrosion can produce hydrogen (H,), a

flammable gas, and uranium hydride (UHj3), a pyrophoric solid.

The results of the experiment described in this paper were used to define some of the
parameters that can affect both the production of hydrogen and uranium hydride when uranium
based metallic fuel comes in contact with water. These experiment§ involved submerging
unirradiated, unalloyed uranium in water prototypic of the Yucca Mountain repository (simulated

J-13 well water) and accelerating the corrosion process by raising the temperature to 90°C.

The increase of pressure within sealed vessels containing the U samples immersed in the
SJ-13 water was measured over time. This information was used to determine a uranium
corrosion rate using the experimental conditions described below. Gas composition was
determined by Gas Mass Spectrometry (GMS) or Gas Chromatography (GC). The corrosion
products were analyzed using X-Ray Diffraction (XRD) to identify the solid species which had
formed during the corrosion process. The final products were also weighed for mass balance

calculations.
[I. THEORETICAL BACKGROUND

There are two major modes of uranium aqueous corrosion. It has been shown that for
oxygenated water vapor, uranium is oxidized by O* formed from O, gas. This process is referred

to as ‘oxic’ and is represented by the general reaction

U + 0, + 2H,0 ~ UO, + 2H,0 (1



i ic’ i uranium is oxidized via
The second mode is referred to as “anoxic’, by which the

‘ : i .[1] The
hydroxyl ions formed during the hydrolysis of water at the uranium oxide surface.[1]
following reactions express the overall anoxic process,
U +2H,0 - UO, + 2H, (2
4U + 4H,0 - 2UO, + H, + 2UH; (©)
2UH, + 4H,0 - 2UO, + 7H, 4

Both the oxic and anoxic reactions most likely occur simultaneously. However, the
kinetics of the anoxic reaction are much faster than the oxic one.[3] The principal difference
between oxic and anoxic uranium corrosion is the formation of uranium hydride (UH;) and

hydrogen (H,) in the latter.

Recent uranium corrosion studies of three irradiated EBR-II blanket fuel segments
submerged in simulated J-13 well water showed that, after an initial slower leaching period, the
rapid release of '*’Cs and *°Sr can occur.[2] In addition, a vessel containing one of the segments
became pressurized, indicating H, production during the periods when the vessel was isolated
from laboratory air. When these tests were terminated, corrosion products from two out of the
three samples contained UH,. The tests described below were performed with unirradiated
samples to eliminate any possible effects of irradiation, and were designed specifically to

quantify hydrogen evolution throughout the corrosion process.
[II. EXPERIMENTAL

Three unirradiated EBR-II blanket fuel segments were sliced from a larger piece into
approximately equal lengths. They each measured 1.11 e¢m in diameter with an average length of
about 0.66 cm. Each segment was placed in a 45 mL Parr pressure vessel equipped with a gas
sampling port. Into each vessel was poured enough SJ-13 well water to equal a sample surface
area to leachant volume (S/V) ratio of 12 m. The initja] PH of the SJ-13 well water was 8.65 at

room temperature. The SJ-13 water consisted of the compounds listed in Table 1



Table 1. Chemical Additives for the SJ-13 Well Water

Compound Concentration mg/L
NaHCO, 180
KHCO, 14
CaCl,-2H,0 123
Ca(NO,),4H,0 19.8
CaSO,-2H,0 20.6
MgSO,-7H,0 18
SiO,'H,0 85

The sealed Parr pressure vessels were placed in a 90°C oven and allowed to accumulate
internal pressure from H, buildup. Periodically, the vessels were sampled for gas using the
apparatus shown in Figure 1. This is a photograph of the gas manifold onto which is attached a
Parr pressure vessel, a 25 mL gas collection cylinder, two pressure transducers connected to a
digital readout display, and an outlet for evacuating the apparatus of residual gases between
sampling intervals. The pressure range for the transducers were 0-50 psig and 0-500 psig,

respectively.

Initially, at each sampling interval, the vessels were opened and 4 mL aliquots of the SJ-

13 water were taken for dissolved O, and the pH measurements. The missing leachate was then

P Transd
0-50 psig Pressure Transducer 0-500 psigffcesting
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Parr Pressure Bom

A

i § - g2 5
- L
o - 7

25 mL Gas Collection __
Cylinder S84

25

ER——— ]

Figure 1. Gas Saxﬁﬁiing Apparatus



i in the 90°C oven.
replaced with fresh leachant and the vessels were recapped and again placed in the
The O, and pH measurements were discontinued after the first few sampling intervals for reasons

discussed in Section V.

The H, that had formed was measured by either using GMS or GC. Both of these
methods are highly sensitive, however GC was ultimately chosen because of the relative facility
of operation as compared to GMS. The mole percent of each gas product was taken into account
when calculating the partial pressure of H, (Py) in the gas mixture. Upon determining the partial
pressure of H,, the number of moles of H, (n;) could then be calculated using the ideal gas

equation defined as

PV =n,RT (5)

From this data, the grams of uranium metal consumed by the corrosion process were

‘indirectly’ calculated, assuming that the reaction followed equation (2), without UH, formation.

IV. RESULTS AND DISCUSSION

A. Dissolved O, and pH Measurements of the SJ-13 Water

Dissolved O, and pH measurements were taken of the SJ-13 water for the first several
sampling periods. In order to have a baseline to compare with these results, the O, concentration
and the pH were also measured on a blank sample of the SJ-13 water. The initial pH was 8.65

and the O, level was 90.5% of air saturation (~2.3x 10" mol 0O,/mol H,0) at the current local

temperature and pressure.

O, Measurements. Periodic oxygen levels are tabulated in Table 2 where it is shown that

the O, levels had dropped appreciably by the first sampling period on day nine. However percent

saturation varied little (34 to 55%) over the next 21 days, suggesting that oxygen depletion was

somehow incomplete. According to the reaction shown in equation (1), one would have expected

the O, levels to continue to decline until all of the O, was consumed. The only conclusion d
£ . onclusion drawn



Table 2. Dissolved O, Data Obtained During Sampling of the SJ-13 Water

ngple 1 . Sample 2 Sample 3
e %0, mgO/gH0 %0, bie O] s L0 500 o i LG
9 39.1 1.8E-2 33.5 1.5E-2 " 35.3 7 1.6E-2
14 54.9 2.5E-2 46.3 2.1E-2 47.0 2.1E-2
21 NA NA NA NA 36.0 1.6E-2

from these observations was that, although precautions were taken to avoid exposing the
leachates to air during sampling intervals, they nonetheless rapidly absorbed atmospheric O,
resulting in erroneously high levels. To test this hypothesis, the O, uptake of deaerated water in
laboratory air was monitored. The rate of O, uptake was fairly rapid at 1.5 x 10 mg O,/g
H,0/min or a 3.3% O, saturation increase per minute (at 635.8 Torr and 12°C). This result
showed that although O, depletion of the leachant had occurred during the time interval between
sampling periods, quantitative data could not be collected unless the environment was
completely isolated from oxygen. Due to this experimental obstacle, O, measurements were

abandoned beyond day 21.

pH Measurements. The results from the pH measurements are shown in Table 3. The pH
rose significantly at the onset of the experiment and remained fairly constant afterwards. This
phenomenon was addressed by assessing the reason for the increase in pH, i.e. basicity. The
dynamics behind the change in pH could only be attributed to chemical events occurring within the
vessels. These events definitely include the reactions expressed in equations 1-4 and could

possibly include other ‘side’ reactions involving the ionic species in the SJ-13 water itself, namely

Table 3. pH Measurements of the SJ-13 Sample Aliquots

pH of SJ-13 Aliquots (initial = 8.65)

Day “Sample I | Sample 2 T Sample 3
Bl — 995 1021 10.02
14 10.38 10.21 9.92
21 NA NA 9.84
23 10.38 10.38 9.87
81 NA NA 9.79
L) 10.30 10.35 NA




: i i fferi
the slightly acidic bicarbonate anion (HCO5). The bicarbonate anion is known for its buffering

: i i jugate base,
effect in aqueous media. This occurs when both the bicarbonate anion and its conjug

. - . ; iri i changes in
CO, ¥, are close to equal concentrations. This conjugate acid/base pair is resistant to g

pH. The condition is mathematically expressed as follows:

pH = pKa, + log [CO, *}/[HCO;] (6

where the pKa, is the log of the acid dissociation constant Ka, for H,CO;. So the buffering
capability of this system is maximum when [CO;*] = [HCO5]] and the above equation becomes
pH = pKa,. Incidentally, the pKa, for CO;> is 10.33 which is very close to the pH readings taken

of the leachates.

In order for the buffering to occur, a strong base had to be added until the above
conditions were met. One possible explanation for this phenomenon could involve a fairly well
studied mechanism which occurs during uranium metal aqueous corrosion. During the process
of forming UO,, hydroxyl (OH") ions are also produced via the hydrolysis of water.[1,3] The
formation of OH ions in the SJ-13 could explain the increase in pH. The change in the observed
pH indicates that enough hydroxyl anions had been produced to reach the maximum buffering

capacity of the HCO;/CO,* equilibrium where pH = pKa,. This reaction is shown in the

following equation:
HCO; + OH -~ CO3:’ +H,0 )

Hence, the OH" ions produced provided the impetus to drive reaction (7) above to the

right, thereby increasing the CO,* concentration.

B. Oxygen Depletion of the Gas Mixture in the Vessel Headspaces

The pressure changes in the vessels were measured over time and the gas product was

analyzed for the first three sampling intervals by GMS. A gas samples were ultimately

analyzed by GC. During the first two sampling intervals (day 9 and 14), the three vessels were



opened in order to obtain aliquots of the SJ-13 water (for both the pH and the dissolved O,
measurements). On day 21, the third vessel alone was opened for sampling. And, again on day
23, all three vessels were again opened to obtain leachate samples. The first several gas
sampling intervals revealed that the gas product consisted of several constituents of which
hydrogen was the major component. Nitrogen, oxygen, and trace argon which are gases
normally found in air, were also detected. This was not surprising considering the leachates
came in contact with air each time aliquots were taken for pH and dissolved O, measurements.
However, after leachate sampling was terminated, these other gases were eventually diluted
down to non-detectable limits. From then on, hydrogen was the only accountable gas present in

the gas product.

Table 4 shows the average O,, N,, and Ar mole percent values and the O,/N, and Ar/N,
ratios obtained from the first three gas sampling intervals. The O,/N, ratios found in the gas
samples were significantly lower than normally found in air which is approximately 0.256. The
Ar/N, found in the gas samples were close to the normal air ratio of 0.012. What appears to have
occurred was that the O, had been ‘removed’ from the headspace above the leachates. This data
is evidence that O,, which was reintroduced into the vessels when opened for leachate sampling,

was being absorbed by the leachate and, in turn, reacting with the uranium metal.

As above mentioned, gas samples were drawn throughout the experiment in order to
measure the mole percent of hydrogen. Over time, the other gases were diluted out resulting in a

gas product that approached 100 % hydrogen.

Table 4. Average Mole Percent of Air Gases Found in the
Vessel Headspaces during the First Three Sampling Periods

b Average Molefefceitbli\ilreasrurieiiﬁ Average  Average
s e I O,/N,  ArN,
9 002 623 0.08 0003  0.013
14 0.00 3.80 0.06 0.000 0.016
21 0.01 1.85 0.03 0.005 0.016




C. Hydrogen Generation

Figure 2 shows the quantity of hydrogen produced throughout the course of the

experiment. Notice that the H, product from Samples 2 and 3 correlated quite closely, whereas

Sample 1 was slightly higher. After day 9, H, production in Sample 1 was 50 % greater than in
either Sample 2 or 3. However, by day 81, the accumulated amount of H, produced by Sample 1
exceeded Sample 2 by 14 % and Sample 3 by 19 %. The discrepancy between the average rate

of H, production between Samples 2 and 3 and Sample 1 was diminishing with time.

Gradually, the cumulative H, production for all 3 samples was approaching the same
value such that, by day 119 the difference between Sample 1 and 2 was only 4 %. This
comparison could not be made with Sample 3 on day 119 because its final gas sampling interval
was on day 81. However, since the rate of Sample 3 was essentially identical to that of Sample 2
it is assumed that the behavior of Sample 3 would have continued to behave like Sample 2.
Sample 3 was removed from the test at day 81 for characterization of a partially reacted sample.

Meanwhile, tests on Samples 1 and 2 were left to react until appreciable pressure increases could

Moles of Hydrogen

R intie e ;
142023 32 35 5 d a5

o]
= 81 9
Time (days) CITIIE

—a— Sample 1 = Sample 2 -53- Sample 3 I

Figure 2. Cumulative Moles of Hydro
Samples

gen Produced by the Three DU



no longer be measured suggesting the samples had completely reacted. Figure 2 shows how the

curves had almost leveled off by day 119.

D. Corrosion Rate of the DU Blanket Material

The mass of uranium metal that had reacted in each sample was derived from the H, gas
pressure measurements. These calculations assumed all of the hydrogen produced was in the gas
form (H,) rather than as the hydride (UH;) as represented by equation (2) and neglected the small
pressure contribution from other gasses. The results are listed in Table 5. After 81 days, it can
be seen that, on average, three-quarters of the total uranium in these samples had corroded. To
reiterate, these values are based upon the assumption that the only compound present in the
reaction product was stoichiometric UO, only. They do not include the quantity of uranium
metal that may have reacted to form UH;. If any hydrogen was present in the form of UH;, then
the total metal corroded would be higher than the calculated uranium values listed in Table 5.
However, it is impossible to quantify UH; from the H, data alone. As it turned out, there was no

hydride in the corrosion product, however, this will be discussed in more detail in Section E.

Figure 3 represents the uranium corrosion mass curves for the three samples. The straight
line shown was derived from the least-squares fit of the averaged uranium corrosion curves of the
three samples. The slope of this line can be interpreted as the average rate at which the uranium

had corroded. The rate was 34 mg/cm?/day.

Table 5. DU Corrosion Data After 81 Days

Sample Original Mass  Calculated Mass of Percent of
# (grams) Uranium Oxidized = Sample Oxidized
1 11.996 105 875
2 12.029 9.2 76.5
3 11.123 8.8 79.1
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Figure 3. Uranium Corrosion Curves for the Three DU Samples

Only the averaged data from day 9 through day 69 were included in the derivation of the
regression curve because the H, production rate remained fairly constant during this time frame.
Beyond day 69, the rate began to decline as shown by the graphed data. This decline is attributed

to the decreasing sample size (surface area) which was assumed constant.

The corrosion rate of uranium metal obtained from this work corresponds very closely to
a compilation of uranium corrosion rates reported for immersion studies in anoxic water.[4] A

linear regression fit to the published data yielded the following Arrhenius expression

Ink = 22.34 - 7989/ (¥

where £ is the U corrosion rate constant in mg U/em?/hr, and T is the temperature in Kelvin. For
90°C, equation (8) predicts a corrosion rate of 1.4 mg/em?¥hr, which is in good agreement with

the experimental reaction rate (1.42 mg/cm?hr) derived from the H, data - g

E. Analysis of Sample 3 Corrosion Product

Day 81 was the final gas sampling interval for the vessel containing sample number 3
mber 3.

10



Figure 3 shows that the uranium corrosion rates were essentially identical for both samples 2 and
3. Based upon this observation, the corrosion rate experiment was terminated early for Sample 3.
Ina previous corrosion study of irradiated EBR-II blanket fuel, three samples contained UO,, but
only two contained UH;.[2] Interestingly, the sample whose corrosion sludge showed only UO,,
was that which had completely corroded. As for the other two, there remained some unoxidized
wranium metal. Since UH,; is an intermediary product in the anoxic process, observing a
correlation between the existence of UH; in the presence of uranium metal and its absence when

uranium metal is no longer present was a point of interest for the current experiment.

After the contents of the Sample 3 vessel had been filtered through a glass fiber filter, its
visual appearance in the wet condition was that of a dark, brown, clay-like substance. However,
after drying in ambient air for several days, the product was predominately a fine, black powder.
A portion of this material can be seen in Figure 4. While most of the sample consisted of the
black powder, there were pieces of agglomerated chunks which could be easily broken up. A
very small piece of the original metallic sample remained. This is consistent with the data in
Table 5 since the calculations indicated that less than 13% of the original sample remained.

However, the remaining sample retained its original cylindrical geometry and was completely

covered by a solid black coating.

A small pértion of the black powder (about 40 mg) was taken and further pulverized to a
fine powder. This small sample was submitted for XRD analysis to determine the phases present
within this product. The instrument used for XRD analysis was a Scintag X1 powder

diffractometer. This instrument utilized Cu K, x-radiation at an average wavelength of 1.5418 A.

The 26 scan ranged from 20° to 75°.

The resulting diffraction pattern shown in Figure 5 indicates that the corrosion product
contained UO, . , or possibly a mixture of both UO, and U0;. Since the diffraction lines are so
.broad, it is difficult to determine whether this broadening was due to the presence of UO, alone.
However, the diffraction peaks are seen to be shifted to lower d spacings, i.e. greater 26, than

stoichiometric UO,, indicating an oxygen to metal ratio greater than 2.0. This shift can be seen

11



Figure 4. Corrosion Product from Sample 3

in Figure 5 which shows that the apex of the diffraction ‘peaks’ are located slightly to higher 26

than the true Bragg lines indicated for UO,.

No uranium hydride, uranium oxy-hydrates, or uranium metal diffraction peaks were

present, indicating the loose powder was strictly UO, or UO, , . This was consistent with Gray,

Marked 3k uo,

540.0] Unmarked

]

U;0,

T
41

T T .
23 o 380 440

) 470 500 §30 560 ! T T vy

Degrees 2 theta

Figure 5. XRD Pattern for Sample 3 Corrosion Sludge
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who reported only UO, product from the N-Reactor spent fuel flowthrough tests.[5] Yet others
have reported the presence of UH; in the uranium aqueous corrosion product.[2,6] It is not yet

understood why uranium corrosion product sometimes contains UH;, and other times none.

F. Mass Balance of the Corrosion Products belonging to Samples 1.2, and 3

Sample 3 Prior to the XRD analysis, all of the solid material was weighed after drying.
The final weight was 12.4 g (See Table 6). As indicated from the XRD pattern in Figure 5, the
corrosion product contained no hydride. Therefore, all of the uranium that had reacted should
have converted to either UO, or a mixture of UO, and a higher oxide such as U,0,. However,
since some of the original uranium metal was yet intact, it was difficult to determine through
weight gain alone which and how much product had formed. To simplify the mass balance issue,
it was assumed that all of the uranium metal that had reacted was converted to UO, only. The
following mass numbers were obtained from the uranium corrosion rate curve which was, in
turn, derived from the raw data obtained from the hydrogen measurements. Hence, by day 81
(Table 5), 8.8g of the original 11.12 g of uranium metal was calculated as being oxidized.
Assuming the uranium metal reacted with water to form stoichiometric UO,, the added oxygen
would have been equal to 1.18 g, thus increasing the total mass of the sample to 12.30 g. The
difference between the weighed value (12.4 g) and the value derived indirectly by the gas data
(12.30g) is less than 1.3%. One reasonable explanation for the greater mass exhibited by the
weighed value could be have been due to the presence of higher oxides i.e. UO, . ,, etc. As

shown below, Samples 1 and 2 provide more reliable weight gain data with which to ascertain

the oxidation state.

Samples 1 and 2 Pressure measurements continued to be taken from vessels 1 and 2
until the hydrogen production rate slowed sufficiently to flatten out the curves as plotted in
Figure 3. The final gas samples were taken 119 days into the experiment. At this time, the two
remaining vessels were uncapped and the pH of the SJ-13 water was measured. Table 3 shows

that, as with Sample 3, after the initial increase, the pH remained fairly constant for the

remaining two sample leachates.

13



The two samples were set aside in their vessels for another 52 days at ambient temperature

and pressure. This would allow any remaining U metal to oxidize. The corroded material was
filtered through a glass fiber filter and allowed to dry in open air for approximately 24 hours before
weighing. By this time, no visible trace of metal could be found in either sample. The appearance

of this material was identical to that of Sample 3, a finely divided black powder.

XRD patterns were obtained for Samples 1 and 2 and compared to that of Sample 3.
Figure 6 shows the diffraction patterns for the three sample products vertically offset for
comparison purposes. They are essentially identical showing only the phases belonging to some
form of uranium oxide i.e. UO,, .. There are no UH; nor uranium metal phases present within

any of the three patterns.

Table 6 compares the mass of the original DU sample with the final mass of the corrosion

product at the end of the experiment for Samples 1 and 2. Also shown, are the calculated

1400 Bt s e, .
1200
1000
2 800 i
)
% Sample 3
& 600
E
400
Sample 2
. — W L
| y Sample 1
0 P
20 30 40 =
60 70

Degrees 2theta

Figure 6. Stacked XRD Patterns for the Three D :
UO,. . Only ee DU Sample Corrosion Products Showing



Table 6. Mass Balance for Sample 1 and 2 Corrosion Product

Sample # Initial Final Calculated Total Calculated Total

il Mass (g) : Mass (g) UO, Mass (g) U,0; Mass (g)
1 11.996 13.99 13.61 13.88

2 12.029 14.06 13.65 13.92

corrosion product masses assuming stoichiometric conversion to either UO, or U;0,.

Table 6 shows that the actual corrosion product weighs slightly more than either of the
calculated values. Attributing all of the weight gain only to an increase in oxygen content,
results in oxygen/uranium ratios (O/U) for Sample 1 and 2 corrosion products of 2.47 and 2.52,
respectively. Both of these values are higher than the calculated O/U for U,0, (2.33) yet lower
than that for U;O; (2.67). Reference 7 states that U;0, and U;Oy_, phases can form at 90°C
which brackets the U/O ratios 2.47 and 2.52.

The XRD patterns of Sample 1 and 2 corrosion products have the same shift to higher 26
as seen in the diffraction pattern of Sample 3. This shift of phases supports the ‘higher’ oxide
hypothesis. However, it is difficult to unequivocally determine which oxides are present and in

what quantity due to the unresolvable nature of the broad Bragg lines in the diffraction patterns.
V. CONCLUSION

It has been shown that depleted, unirradiated uranium metal undergoes rapid oxidation in
90°C water. An average uranium corrosion rate of 1.42 mg/cm?/hr in anoxic water was
measured in these experiments and is essentially identical to the best fit literature value of 1.4
mg/cm?/hr for anoxic uranium corrosion reported in reference 4. This reaction rate was derived
from measurements of the hydrogen gas that had evolved, assuming no UH; was formed as a

long-term intermediate product.

The uranium product was weighed to determine mass increase. This information, plus

15



that gained from x-ray diffraction analysis of the corrosion product, was used to assist in the
identification of the product itself. First, it was shown that no hydride was present. Second,
even if no UO, was present at the time the diffraction patterns were acquired, certainly, oxides of
the UO, . , type were present. Furthermore, the mass differential between the initial sample and
the final product indicated that some form of UO, . , or mixtures of this formula type were

present in the corrosion product of all three samples.
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