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Abstract

Disposal of spent nuclear fuels is of great importance to prevent the environment
and humans from being affected by long-lived radionuclides for 100,000 years or
more. Even though the deep geological repositories are designed to remain durable
for many years, spent nuclear fuel may come in contact with groundwater in case
of a multi-barrier failure. The inherent radioactivity of spent nuclear fuel causes
water radiolysis producing oxidizing and reducing agents. Among the radiolysis
products, hydrogen peroxide (HoO9) is reported as a primary contributor to the
oxidative dissolution of the fuel matrix, UO9. Although UOy has low solubility in
water, oxidized UO», UO%Jr, has several orders of magnitude higher solubility. This
poses the risk of the radionuclides being released into the environment. Bicarbonate
(HCOg) is one of the main components of groundwater and is known to increase the
dissolution of UO§+. Therefore, in this study, the effects of HCOj3 concentration on
the oxidative dissolution of UO9 were investigated by keeping the initial amount of
H9Og9 constant at 0.2 mM and changing the HCO3 concentration (1 mM, 2 mM, 5
mM, and 10 mM). Besides, the effect of UO%Jr on the speciation was investigated
by adding uranyl nitrate (UO2(NOg)o x 6H20) to the systems before exposure to
H909. The impact of speciation on the kinetics of oxidative dissolution of UO9
was analyzed. As a result of experiments, it has been concluded that the amount
of dissolved UO%Jr is higher in higher HCOg3 concentration. Also, the rate of the
UO%Jr dissolution decreases with addition of UO%Jr due to the complexes formed in
the systems. It was observed that oxidation of UOg9 is the rate limiting reaction at
the beginning of the exposure; therefore there is a delay in the UO%+ dissolution.
On the other hand, it has been seen that the HCOg deficiency limits the dissolution
capacity of the systems. Free HyO9 is the dominant peroxide species in the systems
without initially added UO%Jr, while -6 and -2 charged complexes are dominant in the
systems with initially added UO%JF. The HoO9 complexes are found more effective on
the surface mechanism in the systems having lower HCOg3 concentration. There is no
observable trend in HoO9 consumption rate with respect to HCO3 concentration.
Therefore, it was concluded that the HoO9 consumption rate is independent of
dissolution reaction. Finally, the dissolution in the system without initially added
UO%+ follows the first-order kinetics with respect to HCO3 concentration.
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Chapter 1

Introduction

The disposal of spent nuclear fuels constitutes the final step of the nuclear fuel
cycle. Spent nuclear fuels contain long-lived radionuclides. Therefore, spent fuel
must be stored so that the environment and humans are protected from the harm of
the radionuclides for hundreds of thousands of years. The multi-barrier concept is
proposed as a method for final geological disposal. In case of a multi-barrier failure,
radionuclides may be released into the environment [1].

Knowing the factors that may cause radionuclides to reach the environment or
humans and the mechanisms of these processes after possible multi-barrier failures
under deep geological repository conditions is essential.

One of the main subjects mostly studied is the oxidative dissolution of spent
nuclear fuel. Some factors that affect the oxidative dissolution mechanism are
oxidizing and reducing agents [2, 3, 4, 5], hydrogen peroxide (HsO9) [2, 6, 7, 8,
9, 10, 11, 12, 13, 14], bicarbonate (HCO3) [2, 10, 15, 16, 17|, complex formation
(2, 7, 10, 11, 13, 17, 18, 19, 20, 21, 22, 23|, pH [2, 12, 24], ratio between the surface
area of solid and solution volume [9, 15, 24|, irradiation [2, 14, 17, 25], ionic strength
[12, 26, 27|, and temperature [2, 23|. Since uranium dioxide (UO2) constitutes the
majority of spent nuclear fuel [15], UOs is often used to mimic the dissolution mech-
anism of spent nuclear fuel.

1.1 Aim of the study

The behavior of spent nuclear fuels under deep repository conditions in the
presence of HCO3 and HoO9 has been studied by many researchers.

This study aimed to investigate the effect of HCO3 concentrations (1 mM, 2 mM,
5 mM, and 10 mM) on the oxidative dissolution of UOg9 in the presence of initial
0.2 mM H9Os9. The impact of HoO9 species on the oxidative dissolution kinetics of
UO9 was also aimed to be determined by initially adding 0.3 mM UO%JF.
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According to the studies published on this subject, the following was hypothe-
sized in this study: HCO3/ CO%f accelerate the UO%Jr dissolution from the UOg9 sur-
face; HoO9 consumption rate and UO%+ dissolution rate are reduced with initially
added UO%+ and increase with increasing HCOj3 concentration; HoOg complexes
are more effective on the surface mechanism in the systems having lower HCOgy
concentration.
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Theory

2.1 Nuclear Fuels

Nuclear fuels are materials used to produce heat from a fission reaction. In
general, nuclear fission is a reaction where the nucleus splits into smaller nuclei
releasing a large amount of heat. Even though the heavy and unstable isotopes
can be fissioned spontaneously by decaying, fission reactions occur also when fissile
materials are bombarded with a neutron that is released in a prior fission event in
nuclear reactors. These fissile elements are 233U, 235U, and 239U. A similar reaction
can occur with a fissinable elements such as 238U with fast neutrons that provide
high energy [28]. Uranium can be used as natural or slightly-enriched as in CANDU
reactors or as enriched as in LWRs.

There are several types of nuclear fuels, including oxides, carbides, nitrides, and
silicides [29]. UO2 is the most common nuclear fuel for conventional reactors and
can be used directly or as a mixture with PuOg, which is termed mixed oxide
(MOX) fuel. UOg is preferred as a fuel because of its thermal stability and good
compatibility with other materials used in nuclear reactors, such as coolant and
cladding [30].

2.1.1 Spent Nuclear Fuel

Spent nuclear fuel is generated during the operation of nuclear power reactors,
including research reactors, isotope production reactors, and propulsion reactors.
Since UO9 composes the majority of the nuclear fuels, spent nuclear fuel mainly
consists of UOg [31].

Spent nuclear fuels can no longer sustain nuclear reaction in typical thermal reac-
tors due to depletion of fissile materials and buildup of fission products. Therefore,
it must be replaced with fresh nuclear fuel regularly.
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Spent nuclear fuel can be reprocessed or stored in deep geological repositories.
Spent nuclear fuels mainly consist of uranium (94%), fission products (4-5%), plu-
tonium (%1) and minor actinides (0.1%). Neptunium (Np), americium (Am), and
curium (Cm), belonging to minor-actinides, are long-lived o-emitting radionuclides
and must be stored for hundreds of thousands of years. Therefore, spent nuclear
fuels are categorized as high-level nuclear waste and must be managed safely and
effectively [32].

2.2 Nuclear Waste Disposal

If reprocessing is not considered in a nuclear fuel cycle, spent nuclear fuels must
be kept isolated from the biosphere to protect the environment and humans against
their harmful effects. Even though there are pools and interim storage to cool
the spent nuclear fuel after fission, spent nuclear fuels must be stored until their
radioactivity reaches the level of natural uranium. A deep geological repository is
an accepted method to store spent nuclear fuels. The deep geological repositories
must be stable for hundreds of thousands of years due to the long-lived a-emitters
in spent nuclear fuels. These repositories are designed consisting of multi-barriers
for the long-term stability of spent nuclear fuel [31, 33, 34].

Both Sweden and Finland work on the KBS-3 repository concept. In this con-
cept, spent nuclear fuel is encapsulated in copper canisters to mitigate the disper-
sion of radionuclides and stay stable under possible mechanical and corrosion loads.
These canisters are placed at a depth of 400-700 meters in crystalline bedrock. For
mechanical protection and prevention of underground water flow in the deposition
area, the canisters are surrounded by bentonite clay buffer. The cavities are back-
filled and closed to prevent underground water flow through the tunnels and the
openings and maintain multi-barrier functions [33, 35].

2.3 Oxidative Dissolution of UO9

The geological disposal is designed to keep spent nuclear fuel inside the repository
to mitigate their effects on human health and the environment. However, spent
nuclear fuel may contact groundwater in case of a multi-barrier failure, allowing
radionuclides to migrate from the repository to the biosphere.

Spent nuclear fuel comprises mainly UOg [32]. Therefore, experimental studies
mostly include the oxidative dissolution of UOs.
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The composition of groundwater is an important factor in the oxidative dissolu-
tion of UOg. The concentrations of the ions and their ability to form ionic complexes
with spent nuclear fuel change the dissolution behavior under repository conditions
[8, 16, 33, 36, 37]. The components in the groundwater and their effect on the
dissolution process will be discussed in Section 2.3.2 and Section 2.3.3.

2.3.1 Radiolysis of Water

In contact between spent fuel and water, the inherent radioactivity of spent
nuclear fuel causes water radiolysis. As a result of water radiolysis, some reactive
oxidants (OH*, HO; HoOg) and reductants (e,q, H*, Ha) are formed [34, 38].

The chemical dissolution of UO9 is negligible since UO9 has low solubility, and
the solubility limit of UO9 is reached quickly under the conditions of a deep geological
repository [33, 39]. It is also difficult to reduce UO9 [40]. However, oxidants can
easily change the reducing environment of groundwater and oxidize UO9 to UO%+.
The solubility of UO%+ is higher than UOq [34, 41, 42, 43, 44]. Therefore, the
dissolution rate of UO9 increases with oxidation, and the release rate of radionuclides
to the environment increases significantly.

Among the radiolysis products, HoO9 is considered the main component respon-
sible for the oxidative dissolution of UOg9. H90O9 may oxidize the UO9 surface to
UO%+ or undergo catalytic decomposition [2, 40].

The proposed mechanism for the oxidation of UO9 by H9O9 is given with Reac-
tion 2.1, Reaction 2.2, and Reaction 2.3 [7, 27, 45].

Hy09 + 2009 —— 2(OH"—U09) —— 20H™ + 2U02+(a as) (2.1)

Uranium at oxidation state +V (UO;r ) is further oxidized to UO%+ by an oxidant

such as OH" and H9O9 or disproportionates to form UO%+ (oxidation state +VI)

and UO9 (oxidation state +IV) as given in Reaction 2.2. The final step is the
dissolution of UO%Jr from the UO9 surface as given in Reaction 2.3 [15, 46].

+ + 2+
UO2(ads) + UO2(ads) UOQ(adS) + UO2 (2.2)
2+ 2+
UOQ(adS) UOQ(dissolved) (2.3)

On the other hand, catalytic decomposition of HoO9 on the UO9 surface can be
described as in Reaction 2.4 and Reaction 2.5 [7].

Hy09 + (OH'—UO2) —— HO35 4+ HaO 4+ UO9 (2.4)
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HO; + HO; —— HoO9 + O9 (2.5)

The oxidation of the UO9 surface by HoO9 and catalytic decomposition of HoO9
on the UO9 surface compete with each other [2, 45]. The intermediate product OH",
which is a surface-bound radical formed by adsorption of HoO9 on the UO9 surface,
is important because it can either oxidize the UO9 surface as given in Reaction
2.1, or react with HoO9 as given in Reaction 2.4. The competition of these two
mechanisms depends on the HoO9 concentration.

In the study conducted to analyze this competition, Fidalgo et al. (2018) [45]
have shown that at low HoOsg concentration ([HoOs] = 0.2 mM), the amount of
H90O9 consumption and the UO%jL dissolution were similar. On the other hand,
the amount of dissolved UO%+ per consumed HoO9 decreases with increasing initial
H909 concentration.

Therefore, it has been concluded that the oxidation of UO9 surface by HoO9
is dominant at HoO9 concentration of 0.2 mM and lower, while oxidation of UO9
surface by HoO9 and catalytic decomposition of HoO9 on the UO9 surface compete
with each other at higher HoO9 concentrations [45].

2.3.2 Effect of Bicarbonate

Bicarbonate (HCO3) is one of the main components of groundwater [47]. Frape
et al. (2004) [47] reported that there is a decreasing trend of HCO3 concentration
with depth in nature. As illustrated in Figure 2.1 [47], the bicarbonate concentration
is less than 100 mg.L~ (approximately 1.6 mM) at a depth of 500 m which is the
planned depth for geological repositories in Sweden and Finland [48]. It is also
determined that the HCOj3 concentration at 509 - 516 m depth is 1.8 x 1073 M at
pH = 7.0 [33].
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Figure 2.1: HCOg3 concentration at different depths in groundwater

HCOg is the main complexing agent in groundwater and enhances the dissolution
of UO%Jr (Reaction 2.3) from the oxidized UOg surface; therefore, the presence of
HCOjy accelerates the dissolution process [15, 16, 27, 40].

For the HCOj3 concentration above 1 mM, the rate constant for oxidation of UOg
by HoOg is shown as independent of HCOj3 concentration, while the dissolution lin-
early increases with HCOg for lower HCOj3 concentrations (< 1 mM) in the presence
of HoO9 [8, 16, 26]. Therefore, it has been concluded that the oxidation is the rate
limiting step when HCOj3 concentration is higher than 1 mM, while the dissolution
is the rate limiting step for lower concentration of HCOj3 [8]. Thus, oxidation of
the spent fuel controls the dissolution of spent nuclear fuel under deep repository
conditions (at around 1-2 mM HCOj) [40].

Speciation Effect

UO%+ forms different complexes with HCO3 and HyO9 depending on the concen-
trations of UO§+, Hy0O9 and HCOj3, and pH [7, 19, 49, 50]. The complex formation
reaction is defined in Reaction 2.6 [10, 24].

xUOZT 4 yHyOy +2C03 +— [(UO2)x(02)y (CO3), 2V %) 4 2yHt  (2.6)
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The H9O9 concentration has significant importance on the speciation in the
uranyl-peroxide-carbonate system. A higher initial concentration of HoO9 causes
the formation of uranyl-peroxide clusters which are highly soluble in water. The
amount of HoO9 must be 10-20 times more than the uranium concentration to
synthesize the clusters affecting the uranium speciation. On the other hand, smaller
uranyl peroxide complexes are formed in the presence of lower concentration of HoO9
[11].

It was also reported that UOQ(OQ)(CO;),)%’ is formed between pH 9 and 12. In
the case of further increase of pH, the stability of UO2(OQ>(CO3)%7 decreases, and

it is converted to UOQ(COg)%ﬁ and UOQ(COg)X(OH)g 2y [21].

Studtite Formation

Studtite is a H9O9 mineral formed under certain conditions in the presence of
HoOo, UO%+ and HCOj according to Reaction 2.7 [18, 51]:

UO3T + HyOg + 4Hy0 —— UO9(02).4Ho0 + 2HT (2.7)

Studtite formation is expected in no or low HCOj3 concentration (< 1 mM) [8].
Studtite precipitates on the UO9 surface and decreases the oxidation and dissolution
rate of UOy because of its low solubility [13, 14]. Kim et al. (2018) reported that
when HCOj3 concentration decreases from 10 mM to 1 mM, the maximum amount
of dissolved UO%Jr decreases more than 10 times in alkali conditions (pH = 9) [18].

2.3.3 Effect of Ionic Strength

The dissolution behavior is affected by the surface charge of the UO9. The net
charge of the UO9y surface is equal to zero at a pH around 5, which is the Point of
Zero Charge (PZC) [52]. When the pH of the medium is lower than PZC (pH <
5), the UO9 surface becomes positively charged, resulting in the adsorption of the
negatively charged ions on the surface. On the contrary, when the pH of the medium
is higher than PZC (pH > 5), the UOg surface becomes negatively charged, and it
causes repulsion between negatively charged ions and the surface.

Perchlorate (ClOy) salts are used to investigate the ionic strength effect. It has
been reported that 0.01 M and 0.1 M ClO, has no significant effect on the PZC and
the UO%Jr dissolution [52]; however, it accelerates the HoOg consumption [27]. ClO,
decreases the repulsion between equally charged surface by increasing ionic strength
without changing the UQO9 dissolution mechanism. It was also reported that in the
absence of HCOg, the HoO9 consumption rate and UO%+ dissolution rate increase
with ionic strength [27].
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Materials and Method

The chemicals used in the experiments were of reagent quality or higher purity.
Before all measurements, the suspensions were filtered with 0.22 pm cellulose acetate
syringe filters. However, in the experiments that lasted more than 3 days, the
particles were observed in the filtered solution. Therefore, after being filtered, each
sample was centrifuged at 13000 rpm speed for 10 minutes before measuring the
absorbance.

3.1 Materials

3.1.1 UQO»y Powder

Hyper stoichiometric UO2 3 powder [45] was procured by Westinghouse Electric
Sweden AB. The specific surface area of the powder was determined as 5.4 4+ 0.2
m?.g ! in a previous study [45].

3.1.2 Instrumentation and Sofware

The ultrapure water (resistivity of 18.2 MQ.cm) was obtained from the Merck
Millipore (Milli-Q, Type 1) to be used during experiments. Before absorbance mea-
surements, the Thermo Scientific (Megafuge 16) centrifuge was used to aggregate
particles with sizes smaller than 0.22 pm. In order to measure HoO9 and UO%Jr
absorbance values, the Thermo Scientific (the model of Genesys 20) spectropho-
tometer was used. The measurements were conducted at 360 nm to determine the
I3 concentration as an indicator for HoOg, while the wavelength was set to 653 nm
for the determination of UO%Jr concentration. Thermo Scientific (Orion Star A211)
was used to measure the pH.

The Spana program [7, 53] was used to examine the HoO9 species formed in the
systems having HoOo, UO%"" and HCOs3.
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3.2 Methodology

3.2.1 Ghormley Triiodide Method

H9O9 concentration was determined indirectly from the Ghormley Triiodide
Method. This method was modified by Frew et al. (1983) [54] from the studies
conducted by Allen et al. (1952) [55]. The primary purpose of the method is to de-
termine the peroxide concentration in the aqueous systems by oxidation of potassium
iodide (KI) by HoO9 in the presence of the ammonium molybdate ((NH4)aMoOy)
catalyst.

In this study, the peroxide concentration was calculated indirectly from the tri-
iodide absorbance from Reaction 3.1 and Reaction 3.2 [7];

21 + HoO9 ——— 1o +20H (3.1)

I+ — 13 (3.2)

According to Reactions 3.1 and 3.2, the consumption of 1 mol of HoO9 (not only
free HyO9, but also peroxide complexes) corresponds to the production of 1 mol of
I5.

In this study, 360 nm was set in order not to overlap with the absorbance of UO%+
different than the experiments conducted at 352 nm by Frew et al. (1983) [54].

3.2.2 Arsenazo III Method

The Arsenazo III reagent (1,8-dihydroxynaphthalene-3,6-disulphonic acid-2,7-
bis[(azo-2)-phenylarsonic acid]) is used for photometric detection of uranium (U),
including some other elements such as thorium (Th), zirconium (Zr), hafnium (Hf)
[56].

The region of optimum pH values for the interaction of Arsenazo III reagent
with elements is known to vary. For the determination of Arsenazo III reagent ions,
a significant degree of selectivity is achieved in a strongly acidic environment [56].
Therefore, the analysis were conducted in an acidic medium (in hydrochloric acid
(HC)) to eliminate the need to adjust pH with a buffer solution.

Although it is known that oxidizing and reducing agents attack the Arsenazo III
reagent [56], Arsenazo III was used in this experiment with the presence of HoO9
which is oxidizing agents.

In this study, the wavelength was set at 653 nm in the spectrophotometer for
UO%Jr determination.

10
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Experimental Procedure

Experiments were performed to observe the oxidative dissolution of UO9 in
HCOg solution in the presence of HoO9. All experiments were conducted at room
temperature with 50 mg UQO9 3 powder in 30 mL total solution volume (constant
surface area to volume ratio).

The data for the systems with 10 mM HCOg3 and 0.2 mM HyO9 were taken from
a study by Olsson et al. (2022) [7].

4.1 Washing of powder

The washing step was done to remove the pre-oxidized UO9 powder surface.
Approximately 50 mg UO9 powder was added into a 30 mL, 10 mM NaHCOsg
solution. The mixture was stirred with a magnetic stirrer under 1400 rpm for 15 s
and waited 20 min for sedimentation. This step was repeated 3 times with a fresh
HCOg solution under Ny purging. The mixture was stored in a glove box overnight
with a sealed lid.

The next day, the washing step was repeated until UO%+ was no longer detectable
(detection limit is < 1 pM).

4.2 Preparation of stock solutions and reagents

5 mL, 0.1 M HyO9 stock solution was prepared. The concentration of the HyO9
stock solution was measured 3 times before each experiment, and it was diluted
to 0.2 mM to use in the experiments. Similarly, 5 mL, 0.1 M UO%“L solution was
prepared from UO9(NO3)9 x 6HoO powder. Before each experiment, the solution
was diluted to 0.3 mM. Finally, 1 L, 10 mM HCOj solution was prepared from
NaHCO3 powder to be diluted to the desired concentrations (1 mM, 2 mM, 5 mM,
and 10 mM) for each experiment.

11
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In order to measure HoO9 concentration, 5 mL, 1 M KI solution was pre-
pared. Apart from that, 50 mL, 2 M sodium acetate (CoH3zNaOg) and 50 mL, 2 M
acetic acid (CH3COOH) solutions were prepared, and mixed together. 50 drops of
(NH4)2MogO7 catalyst were added to the mixture of CoH3NaOg and CH3COOH
so that the total volume was 100 mL [7].

On the other hand, 50 mL, 16 wt% Arsenazo III reagent solution, and 1 M HCI
solution were prepared for the measurement of UO%Jr concentration.

The sodium acetate/acetic acid/catalyst solution, the HCI solution, and an Ar-
senazo III were used throughout the experiments, while a fresh KI solution was
prepared prior to each experiment and was not used for more than 7 hours. The
solutions were stored in the dark storage as sealed when not in use.

4.3 UQO-9 powder exposure

All experiments were conducted in the 50 mL cylindrical glass vessel sealed with
a plastic septum under No purging. The reason of No purging is to prevent oxidation
of UOg9 by air. In order to balance the inside and the outside pressure of the vessel,
syringe needles were used. The reason for using syringe needles is to minimize the
inclusion of air by using a smaller openings.

After removing the washing solution at the end of the washing steps described
in Section 4.1, washed UO9 powder was added into the 50 mL glass vessel together
with the different concentrations of the HCO3 solution (I mM, 2 mM, 5 mM, and 10
mM), separately. For each HCOj3 concentration, experiments were conducted with
and without initially added 0.3 mM UO%Jr solution to vary the HoO9 species. The
exposure started with the timer when 0.2 mM HoO9 was added to the glass vessel.
The experiment parameters are presented in Table 4.1.
02+

In order to determine the concentrations of HoO9 and U , approximately 1

mL of sample was taken with a syringe at regular intervals and filtered.
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CHAPTER 4. EXPERIMENTAL PROCEDURE

Table 4.1: Experimental conditions.

Sample [HCO3]/ mM 1207/ mM [UO%+]/ —
Targeted | Measured®* | Targeted | Measured**
Sample 1 10 0.2 0.15 0 -
Sample 2 10 0.2 0.19 0.3 0.3
Repetition 2 10 0.2 0.13 0.3 0.25
Sample 3 5 0.2 0.16 0 -
Repetition 3 5 0.2 0.16 0 -
Sample 4 5 0.2 0.16 0.3 0.26
Repetition 4 ) 0.2 0.19 0.3 0.27
Sample 5 2 0.2 0.14 0 -
Repetition 5 2 0.2 0.13 0 -
Sample 6 2 0.2 0.17 0.3 0.27
Repetition 6 2 0.2 0.16 0.3 0.27
Sample 7 1 0.2 0.14 0 -
Repetition 7 1 0.2 0.14 0 -
Sample 8 1 0.2 0.18 0.3 0.27

*The H9O9 includes not only free HoO9 but also peroxide complexes.
**The data measured after 0.5 min of exposure was indicated as "measured”.

In the systems with 1 mM HCOj3 and 2 mM HCOjg, approximately 0.1 M sodium
perchlorate (NaClO4) was added into the samples after filtering, and samples were
centrifuged before measuring the absorbance of the samples. The reason for adding
ClOy is to reduce the repulsion between equally charged surfaces so that particles are
separated from the solution by precipitation. ClO, was not added into the system
with 5 mM HCOg3 and 10 mM HCOg since it was reported the complexation is a
major effect rather than ionic strength in 10 mM HCO3 [26, 27].

100 pLi of KI solution, 100 pL of sodium acetate/acetic acid/catalyst mixture,
and 100 pL (or sometimes 200 L., depending on the concentration) of the filtered
sample were mixed and diluted to 2 mL of total cuvette volume. The HoO9 con-
centration was calculated using a calibration curve determined in a previous work
[7].

On the other hand, 40 pL of Arsenazo III reagent solution, 60 uL of 1 M HCI
solution, and 100 pL (or sometimes 200 pL, depending on the concentration) of
the filtered sample were mixed and diluted to the total cuvette volume of 1.6 mL
to measure the UO%jL concentration. UO%Jr concentration was calculated using a
calibration curve determined in a previous work [7].
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Chapter 5

Results and Discussion

5.1 Oxidative Dissolution of UO9

In order to investigate the effect of HCO3 concentration on the oxidative disso-
lution of UO9, the experiments were conducted by varying HCOj3 concentration to
10 mM, 5 mM, 2 mM, and 1 mM in the presence of 0.2 mM H90O9. The impact of
H50O9 speciation on the dissolution kinetics was also analyzed by initially adding 0.3
mM UO%Jr into the solutions. The experimental conditions are presented in Table
4.1.

Various H9O9 complexes were formed in the uranyl-peroxide-carbonate system,
which will be discussed in Section 5.4. Therefore, the concentration of HoO9 men-
tioned includes not only free HoO9 but also peroxide complexes as a form of
(UO2)x(02)y(CO3),* and peroxide containing complexes as a form of UO2(O2).4H20.
Thus, the free HoO9 and peroxide complexes will be mentioned as HoO9, and the
total concentration of HoO9 will be illustrated as [peroxide] in this study.

The changes in the UO%+ concentration as a function of time for the systems
with different HCOj3 concentrations (10 mM, 5 mM, 2 mM, and 1 mM), 0.2 mM
HoO9 without initially added UO%Jr are presented in Figure 5.1 (a) and with initially
added 0.3 mM UO%+ is presented in Figure 5.1 (b).
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Figure 5.1: UO%”L concentration as a function of time in the systems that have 0.2 mM
Hy0s, and 10 mM, 5 mM, 2 mM, and 1 mM HCOj3 (a) without initially added UO3™ (b)
with initially added 0.3 mM UO3"

It can be seen in Figure 5.1 that there is an increasing trend in UO%Jr concen-
tration with time in the systems with different HCOj3 concentrations except for the
systems with 1 mM and 2 mM HCOg with initially added 0.3 mM UO§+. There is
almost no UO%"" dissolution in the system having 2 mM HCOg3 with initially added
0.3 mM UO%JF, while the UO%Jr concentration decreases with time in the system
having 1 mM HCO3 with initially added 0.3 mM UO3™.

Figure 5.1 (a) shows that the UO%Jr concentration stabilizes approximately 150
min after starting the exposure in the systems with different HCOj3 concentrations
without initially added UO%JF. The UO%Jr concentrations are 0.25 mM, 0.21 mM,
0.15 mM, 0.11 mM for the systems with 10 mM HCOg3, 5 mM HCOj, 2 mM HCOsg,
and 1 mM HCOg, respectively.
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On the other hand, the UO%Jr concentrations continue to increase in the systems
with 10 mM HCO3 and 5 mM HCOjg with initially added UO%+ even after 300 min
of exposure. The UO%+ concentration reaches 0.47 mM, 0.42 mM, 0.29 mM, 0.21
mM at 300 min of exposure for the systems with 10 mM HCOg3, 5 mM HCOg, 2
mM HCOjg, and 1 mM HCOj with initially added U02+, respectively.

In Figure 5.1 (b), the error percentage is high in the system having 10 mM HCOs,
0.2 mM H909 and 0.3 mM UO%Jr since the initial conditions of the two experiments
being compared were different as presented in Table 4.1.

Both graphs in Figure 5.1 illustrate that increase in the UO%+ concentration is
higher in higher HCOj3 concentration as expected because HCO3 minimizes the risk
for accumulation of dissolution products on the UO9 surface, allowing UO%Jr to be
dissolved according to Reaction 2.3.

The dissolution of UO%“L is faster for the system without initially added UO%+
in Figure 5.1 (a) than the system with initially added UO%+ in Figure 5.1 (b)
throughout the exposure. This is because the free HoO9 concentration is higher in
the system without initially added U02+, and there are mostly HoO9 complexes in
the system with initially added UO%Jr. Ho0O9 speciation will be discuss in Section
5.4.

Figure 5.2 illustrates the change in the UOSJr and peroxide concentrations as a
function of time in the systems with 10 mM HCOj3 (a), 5 mM HCOjy (b), 2 mM
HCOj5 (c), 1 mM HCOg (d) without initially added UO%*. The HoO9 concentration
in the graphs includes not only free HoO9 but also the HoO9 complexes.
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CHAPTER 5. RESULTS AND DISCUSSION

The maximum UO%Jr concentration in the system with 10 mM HCOg (0.25 mM)
and 5 mM HCOjy (0.21 mM) is higher than the initial HyOg concentrations. These
indicate that there was pre-oxidized surface before starting the exposures.

The peroxide concentrations are 0.01 mM, 0.01 mM, 0.02 mM and 0.03 mM at
300 min of exposure for the systems with 10 mM HCOg, 5 mM HCOg, 2 mM HCOg,
and 1 mM HCOj3 without initially added 0.3 mM UO%JF, respectively. Even though
the amount of HoO9 consumed is similar for the systems with different HCOj3 con-
centrations, less UO%+ dissolves in the system with lower HCOg3 concentration. This
may be attributed to the deficiency in HCOg3 causes the accumulation of complexes
and ions on the UQO9 surface, which blocks the dissolution of UO%Jr from the UO9
surface. There are no observable limitations for HoO9 consumption.

The UO%+ concentration was calculated by subtracting the initially added UO%Jr
concentration from the concentration measured at a particular time in the system
with initially added UO%+ to compare the results with Figure 5.2. The results are
illustrated in Figure 5.3 with the change in the peroxide concentration as a function
of time in the systems with 10 mM HCOg3 (a), 5 mM HCOg (b), 2 mM HCO3 (c),
1 mM HCOj (d).
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It can be seen that the UO%Jr concentration increases with decreasing peroxide
concentration in the systems with 10 mM and 5 mM HCOj3 with initially added
0.3 mM UO%+ in Figure 5.3 (a, b). Additionally, the reaction continues even after
300 min of exposure in these systems. On the other hand, the UO%+ concentration
decreases in Figure 5.3 (d). This can be attributed to the studtite formation in the
system with 1 mM HCOg.

It can be seen from Figure 5.3 that the amount of peroxide consumed and UO%Jr
dissolved are less in the systems with initially added UO%+ than without initially
added UO%+ (Figure 5.2).

The rate of peroxide consumption and UO%Jr dissolution is less in the system with
initially added UO%Jr (Figure 5.3) than without initially added UO%Jr (Figure 5.2).
Therefore, it can be concluded that the presence of HoO9 complexes decelerates the
H509 consumption and UOgjL dissolution in the system with initially added UO%+.
Olsson et al. (2022) reported similar results in their study by varying the UO%+
concentrations as 0 mM, 0.3 mM and 0.58 mM [7].

In all the graphs in Figure 5.3, a delay can be seen in the UO%Jr dissolution
compared with HoO9 consumption. This delay is because the HoO9 must first oxidize
the UO9 surface, and then the UO%+ formed with oxidation must be dissolved from
the surface.

de Pablo et al. (2000) [57] conducted an experiment with different HoO9 con-
centrations (from 10° M to 1073 M) and reported that HoOo consumption was
faster than UO%+ dissolution. They have interpreted that the dissolution of UO%+
is the rate limiting factor for oxidative dissolution of UO9 under their experimental
conditions.

On the other hand, the lower HCO3 concentration can also delay or even stop
the dissolution of the UO%Jr. HCO3 accelerates the UO%Jr dissolution from the
surface since HCOg mitigates the accumulation of complexes on the solid surface.
Therefore, Reaction 2.3 becomes the rate limiting step instead of Reaction 2.1 in
the deficiency of HCOjy [2, 26]. It can be seen from Figure 5.2 and Figure 5.3 that
less UO%Jr is dissolved in the system with lower HCO3 concentration.

The concentration of UO%Jr as a function of time for the systems having different
HCOj concentrations, 0.2 mM H9Og with and without initially added 0.3 mM UO%+
is presented in Figure 5.4. The initially added UO%+ was subtracted from the
concentration measured at a particular time.
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Figure 5.4: UO%+ concentration as a function of time in the systems that have 0.2 mM
H909, and 10 mM, 5 mM, 2 mM and 1 mM HCOj with and without initially added 0.3
mM UO%+

If the systems with and without initially added UO%+ are compared separately, it
can be seen that the UO%Jr dissolution is high in high HCO3 concentration. On the
other hand, when the systems that have the same HCOg concentration are analyzed
together, it is clear that the dissolution of UO%Jr in the system without initially
added UO3" is higher than that of the system with initially added UO3.
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5.2 Long-Term Oxidative Dissolution of UO9

Since there was still HyO9 in the systems with different HCO3 concentrations
with initially added UO%*, and 1 mM and 2 mM HCOj3 without initially added
UO§+, the exposures were run for longer time. In order to understand the long-
term trend of oxidative dissolution of UO9, the change in the HoO9 and UO%+
concentration as a function of time are illustrated in Figure 5.5 (a) and (b), respec-
tively.

In the experiments that were conducted for a prolonged period, solid particles
were observed in the sample after filtering. This may be because the solid breaks
down mechanically as it mixes in the stirrer. Therefore, it should be considered that
the surface area of the solid may increase over time.
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Figure 5.5: Concentrations of (a) HaO2, (b) UO%+ as a function of time for the systems
have 0.2 mM H9O9, and 10 mM, 5 mM, 2 mM, and 1 mM HCOj3, with initially added 0.3
mM UO3™; and 2 mM and 1 mM HCO3, 0.2 mM HyO9 without initially added UO3™

The experiments that have 10 mM HCO3 and 5 mM HCOg, 0.2 mM HpO9 with
initially added UO%jL were stopped after around 22 hours of exposure. Since there

is still HoOg (Figure 5.5 (a)), the experiments could have been continued for an
extended period.
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Figure 5.5 (a) illustrates that in the systems having 1 mM and 2 mM HCOs,
0.2 mM Hs09 without initially added UO%Jr, H9O9 is almost fully consumed at
around 22 hours of exposure; therefore, there are no significant changes in UO%+
concentration for these systems as shown in Figure 5.5 (b).

On the other hand, H9O9 concentration decreases over time in the system with 2
mM HCOg, 0.2 mM HpO9 and initially added 0.3 mM UO%Jr as presented in Figure
5.5 (a). This may be due to studtite formation in this system after 22 hours of
exposure.

Finally, in the system having 1 mM HCOj3 with initially added 0.3 mM UO%+,
the HoO9 concentration decreases while there is no significant change in the UO%Jr
concentration. This may be because the HCOjg deficiency limits the dissolution
capacity of the system. In other words, HyO9 continues to oxidize the UQO9 surface;
however, there is no HCOg in the system to clean the UOg surface from dissolution
products for UO%"" dissolution. In order to analyze this system in more detail,
HCO3 may be added, and whether there will be changes in the dissolution may be
observed.

In long-term exposures, it should be considered that the CO9 that is formed
as in Reaction 5.1 is removed by N9 purging. Therefore, the HCO3 concentration
decreases further over time. In order to prevent this, the No purging may be done
through the HCOj solution.

HyCO3 +— COQ(diSSOlved) + H9O +— COQ(gaS) + HsO (5.1)

5.3 Oxidative Dissolution Effect on pH

The pH values for the systems with different HCO3 concentrations increase from
roughly 6.5 to 10.5 throughout the exposures. The pH values measured for each
system are presented in Table 1 - Table 8 in the Appendix. The pH values at a
particular time necessary for the speciation calculation were determined from the
polynomial function obtained from the fitted experimental data.

To emphasize the importance of the pH on the HoO9 speciation, Figure 5.6 is
presented for the system with 5 mM HCOg, 0.2 mM HsO9 with initially added 0.3
mM UO%JF. The figure was prepared in SPANA from the data (concentrations of
H509, UO%*, and HCOj3) measured at 0.5 min, 60 min and 300 min of exposure,
and the pH values. The yellow line represents the pH value obtained from the
polynomial function fitting to experimental data, while the red line shows the pH
obtained by averaging all ph values. The y-axis illustrates the fraction of HoO9
species as a fraction of the total HoO9 concentration in the system.
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Since the pH mainly changes at the beginning of the exposure, the difference
between the determined pH for a particular time (pH ~ 7) and the average pH (pH
~ 9.4) is higher at 0.5 min of exposure. Therefore, the fraction of the dominant
complex changes significantly with pH at 0.5 min of exposure, as shown in Figure
5.6 (a). Since there is no significant change in the pH afterward, the fraction of
dominant species is almost the same at both pH values.

As shown in Appendix, the pH values at the beginning of the exposure are lower
than the rest of the exposure. The reason for the lower initial pH may be because
of the addition of the HoO9 which is a weak acid [24]. The HoOs concentration
decreases with the dissolution of the UO9 as illustrated in Figure 5.2 and Figure
5.3; therefore, the solutions became more alkali. There is no significant change in
pH when HyO9 consumption reaches the maximum. Hou et al. (2022) reported the
similar results [24].

Hou et al. (2022) [24] reported that the H' concentration increases with the
complexation based on Reaction 2.6. This increase will lead to shift the reaction
throughout the lower alkalinities. With the depletion of HoO9, the production rate
of HT slows down. In that case, the hydrolysis of CO?{ becomes more dominated,
and HT production becomes slower according to Reaction 5.2 and Reaction 5.3.
Therefore, the pH values in the systems increases.

CO3 +H' «— HCO;4 (5.2)
HCO3 + H" +— HaCO3 (5.3)

5.4 Speciation Calculation

Speciation calculations were performed using the SPANA program [53] based on
the concentrations of HoO9, UO%+, HCOg, and pH values presented in the tables
in Appendix. The program automatically corrected the ionic strength based on a
simple Helgeson-Krikham-Flowers Model.

The average pH values were used for speciation calculation for the systems that
have 10 mM HCOj both with and without initially added UO%Jr since there is no
significant change in the fraction of HoO9 species with the pH range measured.

Extra pH values needed for speciation calculation were obtained from the poly-
nomial function obtained from the fitted experimental data for the systems with 5
mM HCOj3, 2 mM HCOj3 and 1 mM HCOj. The detailed speciation calculation
as a fraction of the total HyO9 concentration for the system with different HCOg
concentrations without initially added UO%Jr is presented in Figure 5.7.
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The program incorrectly gave the charge of two complexes (UO2(03)2(CO3) and
UO2(03)2(CO3)) as 0 instead of -2. The charge of the complexes will be given as
-2 in this study.

Figure 5.7 illustrates that there is mostly free HoO9 in the systems. The free
H9O9 is almost fully consumed in 30 min of exposure in the systems with 10 mM (a),
2mM (c), 1 mM HCOg (d) without initially added UO§+. On the other hand, there
is still free HoO9 remained in the system with 5 mM HCOj3 without initially added
UO%+ at 60 min of exposure as shown in Figure 5.7 (b). The concentrations of the
remained complexes change around 0.02 mM. Since most of the HoO9 is consumed
at the beginning of the exposure, there is no significant change after consumption of
free HoO9. The results are similar with the peroxide consumption graphs in Figure
5.2.

The speciation calculation as a fraction of total HoO9 concentration for the
system with different HCO3 concentrations with initially added 0.3 mM UO%+ is
presented in Figure 5.8.
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Speciation calculations enlighten that (UOQ)Q(OQ)(CO;J,)S’ is dominant H9O9
complex for the systems that have 10 mM, 5 mM and 2 mM HCOg with initially
added UO%Jr as shown in Figure 5.8 (a-c).

El Jamal et al. (2021) [27] have reported that the reactivity of (UO3)2(02)(CO3)§
is significantly lower than that of HyO9 towards UO9 for the system with 10 mM
HCOg and 2 mM H9O9.

In the system that has 1 mM HCOjy with initially added UO2T, (UO3)2(09) (CO3)3
is the dominant complex in the first 60 min as illustrated in Figure 5.8 (d). Mean-
while the second dominant species HyOs resigns its predominance to (UOg)(0g)(CO3)%,
(UOg)g(Og)(COg)?{ and (U02)2(02)2(003)27 after around 30 min of exposure.

It is clear that the speciation is more important for the system with initially
added UO%Jr (Figure 5.8) than without initially added UO%Jr (Figure 5.7). Since
the amount of free HoO9 remained in the system with initially added UO%+ is less
than that of without initially added UO%+, the amount of dissolved UO%+ is lower
in the former, as discussed in Section 5.1.

Even though pH is important in speciation calculation, it is difficult to analyze
which complex dominates the systems when pH is low or high in this study. The
reason for this statement is that there is a rather significant change in pH only at
the beginning of the experiments. Also, the pH range is similar for the systems with
different HCOj3 concentrations. The Pourbaix diagrams may be used to analyze the
species formed at specific pH values.

As discussed in Section 2.3 and Section 5.2, the deficiency in HCOjy delays or
even stops the UO%+ dissolution due to the accumulation of UO%+ ions or complexes
on the UOg surface. Analyzing the HCO3 concentration during the experiments is
difficult due to the possible different mechanisms that may intervene in the concen-
tration changes, such as removing of COo by No purging as given in Reaction 5.1.
However, assuming there is no intervening mechanism, the HCO3 concentrations at
300 min of exposure are calculated by SPANA using concentrations of HoOo, UO%+
and HCOg, and pH values. The results are given in Table 5.1 for different systems.
As it can be seen that the HCO3/ CO%f is the majority among the other complexes.
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Table 5.1: HCOg speciation calculated from SPANA as a fraction of HCOj for the systems
that have 10 mM, 5 mM, 2 mM and 1 mM HCO3, 0.2 mM HyO2 with and without initially
added 0.3 mM UO%+ at 300 min of exposure.

System [HCO3]/ | [CO3 ]/ | [UOa(CO3)57]/ | [UO2(02)(CO3)§ 1/
mM mM mM mM

10 mM HCOy, | 7.4 1.3 1.3

0.3 mM UOZ™

10 mM HCOy3, | 6.5 2.8 0.7

0 mM UO3™

5 mM HCOj, | 1.95 1.95 0.85 0.25

0.3 mM UO3*

5 mM HCOj, | 2.2 2.2 0.55

0 mM UO3"

2 mM HCOj, | 0.8 0.36 0.8

0.3 mM UO3"

2 mM HCOj3, | 1.18 0.42 0.34 0.06

0 mM UO3"

1 mM HCOj3, | 0.4 0.02 0.52

0.3 mM UO3*

1 mM HCOj, | 0.59 0.15 0.19 0.05

0 mM UO3™

*The main complexes formed are presented in the table. The complexes
(UO2)2(02)2(C0O3)? and UOQ(CO?))%7 having relatively low concentrations in the
systems are not presented in the table.

5.5 Kinetic Analysis

The HoO9 consumption and natural logarithm of HoO9 consumption in the
first 15 min of exposure as a function of time for the systems with different HCOj3
concentrations and without initially added UO%+ are shown in Figure 5.9 and Figure

5.10, respectively.

30



CHAPTER 5. RESULTS AND DISCUSSION

- T4
0.16 O 10mM HCOSID_E ml"\.l'IHzOzfl'Jml"u'IUO2

Multiexponential fit
O 5mMHCO,/0.2mMH,O,/0mM LJO;+

0.14 Multiexponential fit

- T4
o 2mM HCOSID_E ml"\.l'IHzOzfl'Jml"u'IUO2

Multiexponential fit

0.12 1 mM HCO, /0.2 mMH,0, /0 mM uog+
=
E Multiexponential fit
)
- 0.1
=
e
4]
o,

0.08

0.06

0.04 |

0 5 10
Time/ min

Figure 5.9: The HoOg consumption in the first 15 min of exposure and its multi-
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The H9O9 consumption rate was calculated from the minus derivative of free
H50O39 concentration calculated from polynomial fitting at 0.5 min as given in Equa-
tion 5.4. The first-order rate constant was calculated from the slopes in Figure 5.10.
Finally, the second-order rate constant was calculated from the normalization of
first-order rate constant by surface area to volume ratio which is 9000 m™. The
results are presented in Table 5.2.

d[HZOQ,free]

Rate = -
ate m

(5.4)
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Table 5.2: Free HyO9 concentration determined from SPANA for time = 0.5 min, the rate,
the first-order and the second order rate constants for the systems with 0.2 mM HyO9,
different HCOg4 concentrations without initially added UO%+.

System [HoO2 freel/ Rate/ M.s 1 | 15 order rate | 2°d  order rate
mM constant/ s 1 | constant/ m.s !

10 mM HCOg 0.054 2.4x10°0 0.0013 1.4x1077

5mM HCO; | 0.057 2.1x10 6 0.0011 1.2x10 7

2 mM HCOjq 0.029 3.7x10°0 0.0012 1.3x10°7

1 mM HCO; 0.047 3.0x10°0 0.0017 1.9x10°7

The HoO9 consumption rate and rate constants are similar for the systems with
different HCOj3 concentrations in Table 5.2. It can be seen that the HoO9 consump-
tion kinetics is independent of HCOg5 concentration for the system without initially
added UO3T.

More than 60% of the HyO9 is consumed in the first 15 min of exposure. From
the discussion provided in Section 5.1, it was expected that the HoO9 consumption
rate will increase with increasing HCOj concentration since HCO3 removes the
UO%Jr ions and complexes from the UO9 surface, which increases the dissolution of
oxidized UO9. However, it can be seen in Figure 5.9 and Figure 5.10 that the HoO9
consumption rate is independent of HCOj3 concentration. It can be explained by
the surface area to HoO9 ratio. In this study, the surface area is a very large excess
compared to HoO9 concentration. Therefore, the effect of HCOjy is less than the
studies done with a high amount of HoO».

On the other hand, the HoO9 consumption in the first 15 min of exposure and
its multi-exponential fit as a function of time for the systems with different HCOg4
concentrations and with initially added 0.3 mM UO%+ are given in Figure 5.11.

33



CHAPTER 5. RESULTS AND DISCUSSION

% 10 mMHCO; /0.2 mM H,0, /0.3 mM UOZ*

Multiexponential fit
018 1 +  5mMHCO, /0.2 mMH,0, /0.3 mM L.IO%+

Multiexponential fit
*  2mMHCO, /0.2 mMH,0, /0.3 mM L.IO%+

Multiexponential fit
1 mMHCO, /0.2 mMH,0, /0.3 mM L.IO%+

Multiexponential fit

[Peroxide]/ mM

0.1 ! !
] 5 10 15

Time/ min

Figure 5.11: The H9O9 consumption in the first 15 min of exposure and its multi-
exponential fit as a function of time for the systems with different HCOg3 concentrations
and with initially added 0.3 mM UO%+

Figure 5.11 illustrates that HoOg consumption is slower for 1 mM HCOj followed
by 5 mM HCOj and 2 mM HCOg, and 10 mM HCOg. It can be seen that there is
no observable trend in HoO9 consumption rate with respect to HCOg3 concentration.
The deviation in the HyO9 consumption kinetics can be observed in 10 mM HCOsg.
Therefore, it can be concluded that the HoO9 consumption kinetics is independent
of HCOj3 concentration in 5 mM HCOg3 and in lower HCO3 concentrations.

Hossain et al. (2006) [16] observed the HoO9 consumption kinetics in 18 mL
suspension containing 50 mg UOg with 18 mM HyO9 and different HCO3 concen-
trations (0-100 mM). It has been concluded that the HoO9 consumption increases
with increasing HCOj3 concentration. Also, the second-order rate constant has been
reported as increasing with increasing HCOj concentration of 0-1 mM, while as
independent of HCOj3 concentration in higher HCO3 concentrations. The reaction
rate has been found as independent of dissolution of UO%+.

UO%+ dissolution kinetics for the first 15 min of exposure for the systems with
different HCOj3 concentration without initially added UO%Jr is given in Figure 5.12.
The slopes of UO%Jr dissolution curves are 0.57, 0.28, 0.23, and 0.17 for the systems
with 10 mM, 5 mM, 2 mM, and 1 mM HCOg, respectively.
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Considering experimental uncertainties, it can be concluded that the UO%Jr dis-
solution rate is proportional to HCOj3 concentration and follows first-order kinetics

with respect to HCO3 concentration.
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Figure 5.12: The UO%+ concentration in the first 15 min of exposure and its multi-
exponential fit as a function of time for the systems with different HCOg concentrations

and without initially added UO3"

UO%Jr dissolution kinetics for the first 15 min of exposure for the systems with
different HCO3 concentration with initially added 0.3 mM UO%Jr is given in Figure

5.13.
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Figure 5.13: The UO%+ concentration in the first 15 min of exposure and its multi-
exponential fit as a function of time for the systems with different HCOg3 concentrations
and with initially added 0.3 mM UOZ™

It can be seen that the first-order kinetics in the system without initially added
UO%Jr is not valid for the system with initially added UO%+. The UO%Jr dissolution
rate is faster in the system with 10 mM HCOj followed by 5 mM HCOj3 and 2 mM
HCOg. There is decreasing trend in the system with 1 mM HCOj; therefore, there
is a UO%+ consumption in this system as discussed in Section 5.1.
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Conclusion

As a result of the experiments, it was concluded the UO%+ dissolution is found
as higher in the system that has a higher HCO3 concentration because the HCOg
mitigates the accumulation of the dissolution products on the UO9 surface. It was
also found that oxidation of UO9 is the rate limiting step at the beginning of the
exposure. It was interpreted that the studtite is formed in the systems with 1 mM
and 2 mM HCOg with initially added UO%Jr. The pH was found as increased mainly
at the beginning of the exposure. No clear relationship was observed regarding the
H50O9 species and dissolution mechanism; however, it was concluded that HoO9
speciation are more effective on the surface mechanism in the systems having lower
HCOg3 concentration. It was also observed that the HoO9 consumption kinetics is
independent of HCOj3 concentration. The UO%Jr dissolution follows the first-order
reaction kinetics with respect to HCOj3 concentration in the system without initially
added UO§+. Finally, the rate of UO%+ dissolution decreases with the addition of
UO%Jr due to the species formed in the systems.
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Appendix

pH

Table 1: pH values measured during experiments in the system with 10 mM HCOg, 0.2
mM H5O9 and 0.3 mM UO%+

Time/ min | 0 | 1290
pH 823 9.8

Table 2: pH values measured during experiments in the system with 10 mM HCOg, 0.2
mM Hy0g without initially added UO3T

Time/ min | 0 | 420
pH 9198

Table 3: pH values measured during experiments in the system with 5 mM HCOg, 0.2
mM Hy03 and 0.3 mM UO3"

Time/ min | 1 | 14 | 47 | 120 | 240 | 1297
pH 71182192]96 |96 | 10.3

Table 4: pH values measured during experiments in the system with 5 mM HCOg, 0.2
mM H5O9 without initially added UO%Jr

Time/ min | 1 | 14 | 180
pH 85|88/ 95

Table 5: pH values measured during experiments in the system with 2 mM HCOg, 0.2
mM Hy09 and 0.3 mM UO3"

Time/ min | 1 18 | 20 | 35 | 90 | 145 | 180 | 325 | 350
pH 6.7 182581 |81[191]92 92|96 | 9.6
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Table 6: pH values measured during experiments in the system with 2 mM HCOg, 0.2
mM Hy0g without initially added UO3T

Time/ min | 1

20

38

90

145

180

350

pH

8.6

9.1

9.2

9.2

9.3

9.3

9.5

Table 7: pH values measured during experiments in the system with 1 mM HCOg, 0.2
mM Hy03 and 0.3 mM UO3™

Time/ min | 1

30

85

150

330

435

1320

1440

1620 | 2820

pH 6.4

7.5

7.8

8.1

8.2

8.9

9.2

9.2

9.3

Table 8: pH values measured during experiments in the system with 1 mM HCOg, 0.2
mM HyO9 without initially added UO3"

Time/ min

1

35

85

330

435

1320

1440

1620

2820

ph

8.5

8.9

8.6

9.5

9.5

9.7

9.8

9.6
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Speciation Calculation

€05 Jror= 10.00 mM I= varied
U0 rar = 5.00 pM H:0zrgr= 0.15mM
1.0 1222 .
0.8
06
=
2
B
£ 04r
0.2}
l].u 1 1 1 1 1 1
8.0 85 9.0 95 10.0
pH t=25°C
[CO3% Jrr= 10.00 mi I= varied
NDZBITC.T: 0.25 mM [HZOE]TC": 15.00 |.IM
10¢ (o)
[(U04)5{05)(CO5)4%
0.8+ T
08+
=
=)
T
2 04y
(UO2){D9)(COs)5*
HQ . '
oolL__.——— T
8.0 85 9.0 9.5 100
pH t= 25°C

Figure 1: Speciation calculation prepared in SPANA with the data at (a) 0.5 min and (b)
420 min of exposure for the system with 10 mM HCO3, 0.2 mM HpO2 without initially

added UO3"
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[CO92 Trgr= 10.00 mM I= varied
10 (a)
08}
e % [U0u0:)c0ns8
8 oy T ——0d0pC0,"
B gap————— e
[ ]
02} Py
U0,10)(C0x2 _— o
0.0 =5 il E—— — :
8.0 85 9.0 9.5 10.0
pH = 25°C
[CO:2}ror= 10.00mM I= varied
U0-2Trgr= 044 mM [Hy0ohor = 20.00 pM
10 quo(05)icq, (b)
08} o
06}
=
2
3
E 04}
02f (U05)(02){CO3)%"
UU -_H:D:| — _:_-I- : -I-— I
8.0 85 9.0 95 10.0
pH t= 25°C}

Figure 2: Speciation calculation prepared in SPANA with the data at (a) 0.5 min and (b)

300 min of exposure for the system with 10 mM HCOg, 0.2 mM HyOg9 with initially added
2+

0.3 mM UO3;
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[COsT Jror= 500mM |= vaned
[UOx*lror= 400uM HzO2ror= 016 mM
100 0000 (a)
08|
086
k
8
S 04
02|
00 s :
8.0 85 90 g5 100
pH t=25°C
[CO2 lror= 5.00mM I= varied
U0 lor= 0.12mM [HoOolyr = 45.00 uM
1.0 (b}
08
0.6 [{UO2)5(0,)(C03),*
5| —
g o4l (UO,)(0)(CO3)5*
I~ Ham -~
02t . ~—
WO(O)CO~ L
|:| |:| . . — . . —
8.0 85 9.0 95 10.0
pH t= 25°C
[C032 )y = 5.00 mM |= varied
[UOx*lrgr= 0.21 mM [H0slrg = 15.00 uM
1.0 (c)
{UO{0Z)C05)¢™ |
08t o TT—
06
=4
]
g
€ 04f
W
L02(0,)(CO3* —
UU ey _-__:_ L ]
8.0 B5 8.0 8.5 100
pH t= 25°C

Figure 3: Speciation calculation prepared in SPANA with the data at (a) 0.5 min, (b) 60
min and (c) 300 min of exposure for the systggn with 5 mM HCOgz, 0.2 mM HyOg without
initially added UO3™
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[CO3 ]TOT= 2.00 mM |= varied
[U0y%]ror= 3.00 uM [H0nlror= 1.30M
10H202 (a)
08}
06}
C
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3
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Figure 4: Speciation calculation prepared in SPANA with the data at (a) 0.5 min, (b) 60
min and (c) 300 min of exposure for the systeth with 2 mM HCOj3, 0.2 mM HpO9 without
initially added UO2+
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10 ,
(UO2)(02)(CO3),
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Figure 5: Speciation calculation prepared in SPANA with the data at (a) 0.5 min, (b) 60
min and (c¢) 300 min of exposure for the sydlem with 2 mM HCOj, 0.2 mM HyO9 with

initially added UO2+



APPENDIX

[COSZ_]TOT = 1.00mM
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Figure 6: Speciation calculation prepared in SPANA with the data at (a) 0.5 min, (b) 60
min and (c) 300 min of exposure for the syshoeﬁn with 1 mM HCOg3, 0.2 mM HyO9 without

initially added U()%—I—
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[COs2Jror= 1.00mM
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Figure 7: Speciation calculation prepared in SPANA with the data at (a) 0.5 min, (b) 60
min and (c) 300 min of exposure for the sydfem with 1 mM HCOg3, 0.2 mM HyOy with

initially added UO3™
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