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a b s t r a c t 

In order to assess the disposal of spent nuclear fuel in a deep geological nuclear waste repository, the 

interactions between U(VI) and corroded iron present in the canister material are of importance. It is 

important to correctly model the fate of the oxidatively dissolved uranium in order to correctly estimate 

radium releases from the canister in the long term. The release of radionuclides into the environment 

depends on the dissolution of the UO 2 matrix which is dependent on the redox conditions at the fuel 

surface. The effect of metallic iron on the reduction of U(VI) was studied under anoxic conditions us- 

ing synthetic groundwaters with different compositions, chosen to investigate the influence of calcium- 

uranyl-carbonato complexes on the thermodynamics and kinetics of U(VI) reduction on anoxically cor- 

roding iron. The corrosion products formed on the iron surface were investigated using SEM-EDS and 

XPS to identify elemental composition and oxidation states of uranium and iron on the surface. The iron 

foils efficiently reduced U(VI) to U(IV) causing its significant sorption and precipitation on the iron foil 

surfaces in the form of U(IV). 

© 2023 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

A deep geological repository is the primary design considered 

or high-level radioactive waste disposal in Sweden. At the geo- 

ogical repository depth (500 m), conditions will quickly become 

noxic after repository closure [1–3] . Oxidizing conditions in a can- 

ster failure scenario are therefore dependent on the production of 

adiolytic oxidants due to the radiation field of the fuel. A canister 

reach followed by groundwater intrusion could consequently re- 

ult in oxidizing conditions locally at the UO 2 –H 2 O interface, lead- 

ng to oxidation of the close to stoichiometric UO 2 in spent fuel to 

he much more soluble U(VI) state. The high solubility of the U(VI) 

tate could cause oxidative dissolution of the UO 2 fuel matrix, fol- 

owed by release of highly radiotoxic nuclides [4] . 

The KBS-3 concept is developed by the Swedish Nuclear Fuel 

nd Waste Management Co, (SKB) in collaboration with Posiva Oy, 

nd the first example of a repository using this concept is cur- 

ently under construction in Finland at the Olkiluoto reactor site. 

n this repository concept, the fuel assemblies are inserted in mas- 

ive iron inserts which are housed inside the copper canister [5] . In 
∗ Corresponding author. 

E-mail address: nikhans@chalmers.se (N.L. Hansson) . 

I

m

r

i

ttps://doi.org/10.1016/j.jnucmat.2023.154324 

022-3115/© 2023 The Authors. Published by Elsevier B.V. This is an open access article u
ontact with groundwater, the iron inserts corrode extensively un- 

er anoxic conditions, thereby forming mainly magnetite and sig- 

ificant amounts of Fe(II) and H 2 in the process [6] . Several stud- 

es have shown that both dissolved hydrogen and Fe(II) consider- 

bly suppress the fuel corrosion rate [7–9] . For this reason, in the 

afety assessment of the repositories, a low rate of oxidative fuel 

issolution is usually assumed. Despite the low assumed oxida- 

ive dissolution rate under these conditions, U(VI) is assumed to 

e formed and released due to the formation of radiolytic oxidants. 

his means that dissolved U(VI) will migrate further together with 

ther released radionuclides. It is well known that U(VI) is reduced 

o U(IV) and sorbed and/or precipitated on the surface of metallic 

ron, both from studies made on ZVI (Zero Valent Iron) barriers 

10–13] and also from studies related to waste disposal [ 14 , 15 ]. For 

xample, the initial concentration of 1 ppm U(VI) decreased 2–3 

rders of magnitude in a simplified groundwater solution consist- 

ng of 10 mM NaCl and 2 mM NaHCO 3 in contact with pure iron

oils [15] . Characterization of the corroded iron foil showed that 

arbonate green rust was formed as corrosion product and UO 2 

rystals were identified by XRD on the surface of the iron foil [15] .

n the presence of anoxically corroding iron metal, U(VI) species 

ay interact with either Fe(II) ions in solution, with anoxic cor- 

osion products of iron formed in situ, or with the metal surface 

tself. Thus, a system with Fe metal present should have a higher 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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educing capacity than systems with only Fe(II) ions in solution or 

ith only anoxic corrosion product of iron. Studies related to ura- 

ium contaminated sites with a series of Fe(II) containing minerals 

uch as magnetite [16–18] or green rusts [ 15 , 19 ] have shown that

(VI) is efficiently reduced to U(IV), thereby decreasing its solubil- 

ty. 

Other studies have shown that the reduction of uranyl ions by 

issolved Fe(II) depends strongly on the uranyl speciation. The abi- 

tic reduction of U(VI) by Fe(II)(aq) and surface-bound Fe(II) is a 

ast process for free uranyl ions and its hydrolysis products but is 

lower for the uranyl-carbonato complexes, which might be due to 

 slower electron transfer for the uranyl-carbonato species [ 20 , 21 ]. 

ranyl forms fairly strong complexes with carbonate [22] and the 

O 2 (CO 3 ) 3 
4 − and UO 2 (CO 3 ) 2 

2 − complexes dominated the specia- 

ion calculations of U(VI) in most carbonate containing groundwa- 

ers until relatively recently, when it was discovered [23–25] that 

he uranyl-carbonato species bind strongly to Ca to form calcium- 

ranyl-carbonato complexes [26] : 

O 2 (CO3) 3 
4- + Ca 2 + � CaUO 2 (CO 3 ) 3 

2 −, log k = 5.2 ±0.2 

O 2 (CO3) 3 
4- + 2Ca 2 + � Ca 2 UO 2 (CO 3 ) 3 , log k = 9.0 ±0.4 

It has been shown that kinetic restrictions inhibit homogeneous 

eduction of the calcium-uranyl-carbonato species CaUO 2 (CO 3 ) 3 
2 −

nd Ca 2 UO 2 (CO 3 ) 3 ) by Fe(II)(aq), while ferrihydrite surface- 

atalyzed reduction of all aqueous uranyl by Fe(II) proceeds to 

(V), which is incorporated into the ferrihydrite [27] . Several stud- 

es on the microbial reduction of uranium report changes in the ki- 

etics of reduction of uranium in the presence of calcium [ 28 , 29 ],

hich limits microbial reduction of U(VI), likely due to steric and 

hermodynamic factors. A decreased sorption of U(VI) in the pres- 

nce of Ca is also reported [ 30 , 31 ], which also indicates relatively

trong Ca complexes. 

The present work focuses on the interaction between corroded 

etallic iron and dissolved U(VI) in different simulated ground- 

ater compositions under anoxic conditions. The main aim of the 

tudy was to investigate if calcium-uranyl-carbonato complexes 

inder the U(VI) reduction by metallic iron. A combination of so- 

ution analysis and surface analysis allowed for oxidation states as 

ell as compositions of the precipitated phases to be studied and 

he reductive precipitative effect to be assessed. The experiments 

ive further insight into the reducing effect of corroding iron to- 

ards dissolved U(VI). This is important especially for the Swedish 

epository concept, because the main contributor to dose in the 

ong term is radium [5] . If the release uranium is reduced on iron

nd remains in the canister, more radium will be produced in the 

ong term by decay while less radium would be released from the 

anister if uranium is not reduced back on iron. Another issue is 

he correct modeling of the potential criticality in the canister in 

he long term [32] with dissolved actinides deposited back on iron 

s our study shows, or released in the far field if calcium uranyl 

arbonate complexes make the reduction impossible. 

. Materials and methods 

.1. Mass spectrometry 

The uranium, iron and calcium concentrations were determined 

ith an ICP-MS (Inductively Coupled Plasma Mass Spectrometry) 

nstrument (Thermo Scientific iCAP Q). The measurements were 

erformed using kinetic energy discrimination (KED) to better be 

ble to discriminate iron and calcium from polyatomic ion inter- 

erences [33] . Samples and external standards were diluted using 

.5 M HNO (Suprapur, Merck) spiked with 10 ppb Th from a 
3 

2

0 ppm certified standard solution (CPAchem) as an internal stan- 

ard. External standards were made with 10 ppm Ca, Fe and U so- 

utions (CPAchem) in the 0 – 50 ppb concentration range. 

.2. Surface analysis 

X-ray Photoelectron Spectroscopic (XPS) measurements were 

onducted using PHI 50 0 0 VersaProbe III scanning XPS microprobe 

ith monochromatic Al K- α X-rays of energy 1486.6 eV [34] . Cal- 

bration was performed using the energy positions of argon-ion 

Ar + ) sputter-cleaned gold (Au), silver (Ag) and copper (Cu) at 

hich the core level peaks of Au4f 7/2 , Ag3d 5/2 , and Cu2p 3/2 are lo-

ated at 83.96 ±0.05, 368.21 ±0.05 and 932.63 ±0.05 eV respectively 

35] . A survey scan with larger step size (1.0 eV) was performed 

o identify the existing elements, after which narrow scans with 

maller energy step size (0.1 eV) was performed on the regions 

f interest. Using these parameters, the detection limit is approxi- 

ately 1.0 at.%. In general, 95% of the measured signal stems from 

he topmost few atomic layers [36] . The spectra were shifted with 

espect to the adventitious carbon C1s signal at 284.8 eV for anal- 

ses. Small pieces of the iron foils were transported in a transfer 

essel tailored to the XPS sample introduction chamber to ensure 

ransportation and sample introduction without risk of air contam- 

nation. 

The energies of the U(IV), U(V) and U(VI) oxidation states in 

he U4f 7/2 peak, the width of the components (FWHM) as well as 

he relative shift of the satellite positions from the main peaks are 

hown in Table 1 . The charging correction procedure in the instru- 

ent was shown in a previous work by our group to cause a shift 

n the U(IV) peak position on the surface of a UO 2 pellet to an

nergy of 379.5 eV [37] . A similar shift due to the charge correc- 

ion procedure was seen in the work of Van den Berge et al . [38] .

e2p 3/2 peak deconvolution was performed using the components 

hown in Table 2 . The satellites of the Fe(II) and Fe(III) components 

ere approximated as ∼715 and ∼718 eV respectively [39–41] . 

Small pieces of the foil surfaces were analyzed using a Phe- 

om Tabletop scanning electron microscope (SEM) at 15 kV mode, 

quipped with energy dispersive spectroscopy (EDS). 

.3. Chemicals and synthetic groundwater composition 

Iron foils with ≥99.99% purity (Thermo Scientific), 0.1 mm 

hickness and ∼1.56 cm 

2 surface area weighing 0.125 g were used 

n the experiments. The iron foils were polished with a #1200 grit 

FEPA-P) SiC sandpaper in an inert-gas glovebox atmosphere to re- 

ove any pre-oxidized layer prior to the experiments. A 10 ppm 

(VI) stock solution was mixed with the synthetic groundwaters 

esulting in an initial concentration of 1 ppm U(VI). The synthetic 

roundwater solutions were prepared using ≥99.0% ACS reagent 

rade chemicals (Sigma-Aldrich, Merck) in ultrapure water with 

 resistivity of 18.2 M �·cm (MilliQ Advantage, Merck). Two rep- 

esentative synthetic groundwaters from the repository depth at 

orsmark, labeled “01D” and “02A” respectively, were prepared 

ith concentrations given in Table 3 [51] . Two simplified synthetic 

roundwaters labelled “10–2 ′′ and “10–2-Ca” were also studied. 

hese both have a NaCl concentration of ∼10 mM, and a HCO 3 
−

oncentration of 2 mM, with 0.526 mM CaCO 3 included only in 

he “10–2-Ca” solution to isolate the influence of Ca 2 + . The com- 

ositions of the four groundwater models are shown in Table 3 . 

he iron and manganese additions to the synthetic groundwaters 

 Table 3 ) were done in the glovebox directly prior to experiment 

n order to minimize oxidation of these species. 

FeCO 3 used in the oxygen traps was synthesized in an auto- 

lave through mixing FeSO 4 ·7H 2 O, ascorbic acid, and ammonium 

arbonate in a 1:1:3 molar ratio which was allowed to react in 

0 mL ultrapure water solution for 1.5 h at 140 °C as described 
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Table 1 

Energy positions of the different uranium oxidation states and their associated satellite shifts. 

U oxidation state U4f 7/2 energy position (eV) [42–44] FWHM (eV) [ 44 , 45 ] Satellite shift (eV) [ 38 , 42 , 44 , 45 ] 

U(IV) 380.0 ± 0.2 1.8 ± 0.2 6.9 ± 0.5 

U(V) 380.8 ± 0.2 1.8 ± 0.2 8.5 ± 0.5 

U(VI) 382.0 ± 0.2 1.8 ± 0.2 3.9 ± 0.5, 9.8 ± 0.5 

Table 2 

Energy positions of different iron oxidation states. 

Fe oxidation state Fe2p 3/2 energy (eV) [ 39 , 46-49 ] FWHM (eV) [ 41 , 47 , 49 , 50 ] 

Fe 0 706.7 ± 0.5 2.0 ± 0.5 

Fe(II)oct 709.0 ± 0.5 2.0 ± 0.5 

Fe(III)oct 711.0 ± 0.5 2.0 ± 0.5 

Fe(III)tet 713.0 ± 0.5 2.0 ± 0.5 

Fig. 1. Experimental setup for the iron foil experiments with reaction vessels (A, 

B, C, D) with groundwater + uranyl solutions and external gas washing bottle con- 

taining an O 2 trap. Also shown is the additional O 2 trap solution inside the reaction 

vessel. The setup is kept in the inert glove box atmosphere for the entirety of the 

experiment. 
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Table 4 

Groundwater and Atmosphere compositions and their correspond- 

ing experiment label. 

Groundwater Label 

01D A, E, I, M 

02A B, F, J, N 

10–2 C, G, K, O 

10–2-Ca D, H, L, P 

Atmosphere Label 

3000 ppm CO 2 in Ar A, B, C, D 

400 ppm CO 2 in Ar E, F, G, H, I, J, K, L, M, N, O, P 
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n the work of Nassar et al . [52] , producing approximately 1 g of

nal product. FeCO 3 is significantly less soluble than FeSO 4 , giving 

e(II) concentrations in the range of 10 −4 M in close to neutral pH, 

lso depending on the CO 2 pressure [53] . 

.4. Experimental setup 

The experiments were conducted in a glovebox with Ar atmo- 

phere (Inert Technology). The glovebox atmosphere is continu- 

usly circulated past a catalytic bed that is removing O 2 , main- 

aining a level of ≤0.1 ppm throughout the experiments. However, 

omentary air leaks through the antechambers or due to inter- 

uptions in Ar gas supply to the glovebox could briefly cause an 

ncrease in O 2 partial pressure. The glovebox was maintained at a 

oom temperature of 20.0 ± 2.0 °C. 

Solutions consisting of 2 mL 10 ppm U(VI) stock were diluted 

o 20 mL with the synthetic groundwaters in plastic vials which 

ere placed in a ∼2 L glass reaction vessel inside the glovebox. The 

eaction vessel was equipped with a gas inlet and outlet, which 

llowed for a continuous flushing of inert gas, making it possible to 

ave a fixed atmosphere shared by all the experiments in a batch. 

he experimental setup can be seen in Fig. 1 . 

The batch experiments were labeled A-P ( Table 4 ). For the 

atches A-D as well as I-L, the continuously flushing gas was also 

ubbled through a gas washing bottle containing 50 mL MQ with 
Table 3 

Chemical compositions of the synthetic groundwaters. Concentrations in units mmol/L. 

Ground-water [Na + ] [ K + ] [Ca 2 + ] [Mg 2 + ] [HCO 3 
−] [Cl −] [SO

01D 77.02 0.187 45.91 0.448 0.280 168.56 0.3

02A 96.57 0.931 22.21 10.04 2.065 148.91 5.2

10–2 12.00 0 0 0 2.000 10.00 0 

10–2-Ca 10.47 0 0.526 0 2.000 9.00 0 

3 
 g FeSO 4 and 2.5 g CaCO 3 to eliminate traces of O 2 in the gas mix-

ure prior to flowing into the reaction vessel. For the experiment 

atches E-H and M-P, the gas was instead bubbled through a 50 mL 

olution saturated with FeCO 3 + 2.5 g CaCO 3 . An additional 50 mL 

ial with a solution saturated with either FeSO 4 or FeCO 3 + 2.5 g 

aCO 3 , matching that of the gas washing bottle, were used as oxy- 

en trap inside the reaction vessel. The gas used for flushing the 

atches consisted of 30 0 0 ppm CO 2 in Ar for the batch contain-

ng the experiments A-D and 400 ppm CO 2 in Ar for the remain- 

ng batch experiments E-P. These were bubbled at a rate of ∼3 

ubbles per second through the gas washing bottle leading into 

he reaction vessel to ensure that a fresh atmosphere with known 

omposition was maintained. Samples of ∼0.1 mL were taken ev- 

ry ∼48 h during the experiments, which lasted 750 – 1250 h. 

. Results 

.1. Concentration measurements 

The measured data for dissolved Ca, Fe, and U concentrations 

n the experiment batches A-D under 30 0 0 ppm CO 2 in Ar atmo-

phere and using the FeSO 4 O 2 -trap are shown in Fig. 2 . U con-

entrations start at 1 ppm (4.2 ·10 −6 M), after which the concen- 

rations gradually decrease to ∼10 −9 M towards the end of the 

200 h experiment for all four data series. Dissolved Fe is initially 

omewhat higher in A and B experiments, due to the Fe present in 

he 01D and 02A water compositions. Fe concentrations are then 

oughly equal for all the four series after ∼200 h, after which the 

oncentration reaches a value of almost 10 −3 M in experiment A 

nd B. In C and D, the concentrations are about two orders of mag- 

itude lower, ( ∼10 −5 M). Ca concentrations were stable at initially 

et values for the whole experimental time period. 

The measured data for dissolved Ca, Fe and U concentrations in 

xperiment batch E-H under 400 ppm CO 2 in Ar atmosphere and 

sing the FeCO 3 as O 2 trap are shown in Fig. 3 . U concentrations

ecrease to 10 −8 –10 −7 M before increasing somewhat at the end 

f the experiment. The fluctuations that can be seen in Fig. 3 are 
 4 
2 −] [Br −] [ F −] [Si] [Fe 2 + ] [Mn 2 + ] [Sr 2 + ] pH 

24 0.581 0.061 0.152 0.014 0.0016 0.237 8.40 

75 0.304 0.077 0.216 0.041 0.0377 0.099 7.19 

0 0 0 0 0 0 8.34 

0 0 0 0 0 0 8.34 
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Fig. 2. Dissolved concentrations in the 30 0 0 ppm CO 2 Ar atmosphere experiment batch A-D using the FeSO 4 O 2 trap. 

Fig. 3. Dissolved concentrations in the 400 ppm CO 2 Ar atmosphere experiment batch E-H using the FeCO 3 O 2 trap. 
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T

ainly believed to be due to influence of oxygen but might also 

ossibly be due to colloid formation during the later stages of the 

xperiment. Fe concentrations reach levels of 10 −4 M in experi- 

ent series E & F, almost an order of magnitude lower than dur- 

ng the 30 0 0 ppm CO 2 in Ar atmosphere series A & B ( Fig. 2 ). Ca

oncentration levels are stable throughout the experiments. Inter- 

erences or a slight contamination leads to the Ca concentrations 

n experiment G, as there should be no Ca present in the 10–2 

roundwater solution. 

A duplicate series with batch experiments M-P, with identical 

xperimental conditions as the one in the E-H experiments, was 

ade. However, in the M-P series an O contamination in the or- 
2 

4 
er of 80 ppm was detected (caused by an empty gas supply) 

hich significantly influenced the data. The data series can be seen 

n the Appendix. 

Finally, the measured Ca, Fe and U data for experiment batch I-L 

nder 400 ppm CO 2 in Ar atmosphere with the FeSO 4 oxygen trap 

re shown in Fig. 4 . In this series of experiments, U concentrations 

each significantly lower values ( ∼10 −9 – 10 −8 M) than the E-H 

xperiment series ( ∼10 −7 M, see Fig. 3 ) but not as low as the A-D

xperiment series ( ∼10 −9 M, see Fig. 2 ). It is important to note that

he duration of the I-L experiments was also somewhat shorter of 

70 h than the previous two series of experiments (A-D and E-H). 

he dissolved Fe concentrations in series I & J reached concentra- 
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Fig. 4. Dissolved concentrations in the 400 ppm CO 2 Ar atmosphere experiment batch I-L, using the FeSO 4 O 2 trap. 

Fig. 5. a & b – Pictures of iron foil as well as a piece of iron foil, taken after leach- 

ing experiments E and F, respectively, where a clear green (a) and a green-bluish 

(b) rust spot is found. 
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Table 5 

EDS element compositions on iron foils E, F, G, H, K & L. 

Element E (at.%) F (at.%) G (at.%) H (at.%) K (at.%) L (at.%) 

O 57.15 – – 63.06 47.58 60.72 

Fe 24.61 54.22 24.26 12.42 10.61 13.40 

U 15.12 34.33 60.78 19.50 32.71 19.90 

C 3.13 11.45 14.96 5.02 9.09 5.98 
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ions of 10 −4 M earlier than the corresponding experiments E & 

. However, the higher levels of ∼10 −3 M Fe in the corresponding 

xperiments A and B were never reached. Ca concentrations were 

table in all experiments. 

.2. SEM/EDS 

The iron foils showed dark-green spots after taken out of the 

ynthetic groundwater solution (see Fig. 5 a and Fig. 5 b), a charac- 

eristic feature of green rust [ 54 , 55 ]. 

The SEM analysis was performed only on experiment batches 

-H and I-L, due to oxygen contamination potentially impacting 

he other iron foil surfaces during sample storage (after the ex- 

eriments). The SEM images of the iron foils from experiments E 

 F with groundwater simulants 01D and 02A are shown in Fig. 6 a

nd b, respectively. The uranium is not distributed over much of 

he analyzed area but is rather agglomerated in a few grains like 

pots. According to EDS analysis, the iron foils from the experi- 

ents where the groundwaters 01D and 02A were used have sev- 

ral features with complicated compositions containing O, Na, Fe, 

l, C & Si. The precipitated uranium-containing grains on the foils 

ave a much simpler composition based on the EDS analysis, pre- 

ented in Table 5 . The carbonate rich 02A water gave a higher car-
5 
on content in the uranium grains on the surface of iron foil F (8–

6 at.%) as compared to 01D water that were used with iron foil 

 (1–5 at.%) based on ∼5 analyzed grains per foil, however, the 

nclusion of oxygen in the compositional analysis considerably de- 

reases the other elemental concentrations. 

An elemental mapping performed for a short duration on grains 

n the iron foil from experiment F showed that the uranium pre- 

ipitates had a considerable overlap with carbon. The same was 

ound on foils G & H, with carbon rich spots associated with the 

ranium precipitates. The SEM images of the iron foils from exper- 

ment G & H with groundwater simulants 10–2 and 10–2-Ca are 

hown in Fig. 7 a and b respectively. The results are very similar to 

hose from experiment E and F. 

In experiment I using the 01D groundwater, uranium spots 

ere detected in connection with ∼4 at.% carbon content, which 

orresponds well with the results found in experiment E, where 

he same groundwater composition was used. Significantly larger 

ranium grains were found on the iron foil from experiment K 

ompared to L, as shown in Fig. 8 a and b respectively. 

.3. XPS 

The XPS measurement is limited by the 100 μm X-ray beam 

ize, which makes the characterization of individual uranium- 

ontaining deposits/uranium grains with a size smaller than 10 μm 

mpossible. Nonetheless, the XPS analysis can give an overview 

bout the surface chemistry of the iron foils after exposure to the 

ranyl-containing synthetic groundwaters. The core levels of U4f 7/2 

nd Fe2p 3/2 were analyzed. The U5f region at 0–2 eV as well as the 

alence band are clustered with energies from several of the ele- 
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Fig. 6. a & b – SEM analysis on foils from experiments E (a) & F (b) showing rather large, precipitated uranium grains. 

Fig. 7. a & b – SEM analysis and EDS mapping images on foils G (a) (leached with 10–2 water) & H (b) (leached with 10–2-Ca water). The significant overlap between carbon 

and uranium on the surfaces is shown from the brief elemental mapping scans. 

m
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T
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b

t
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p

s

i

F

H

a

U

ents present in the groundwaters, making it very difficult to an- 

lyze these regions, which were therefore left out of the analysis. 

his measurement was not performed on foils from experiments 

-D, as the impact of oxygen contamination is significant to the 

atch. 

Rather low amounts of uranium present in the experiment led 

o low peak intensity and noisy data. The U4f 7/2 XPS spectra from 

ron foils in experiments E-H are shown in Fig. 9 . The FWHM of the
6 
eaks are all close to 1.8 eV, corresponding to a single oxidation 

tate [ 44 , 45 ]. 

The U4f 7/2 & U4f 5/2 regions from the XPS measurements of the 

ron foils from experiment batch I-L are shown in Fig. 10 . The 

WHM of the peaks are all close that of a single oxidation state. 

owever, the U4f 7/2 -peaks of the iron foils from experiments I & K 

re located at approximately 1 eV lower energy compared to the 

4f 7/2 -peaks of experiments J, K as well as E-H. 



N.L. Hansson, M. Saleh, P.L. Tam et al. Journal of Nuclear Materials 577 (2023) 154324 

Fig. 8. a & b – SEM elemental analysis on foils K (a) (leached with 10–2 water) & L (b) (leached with 10–2-Ca water) showing the large, precipitated uranium-containing 

grains. 

Fig. 9. XPS measurement of the U4f 7/2 & U4f 5/2 peaks with the corresponding satellites from experiment batch E-H. 
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a

A general spectrum on the iron foil from experiment M was 

ound with a U4f 7/2 -peak position of 380.3 eV, corresponding to 

 low oxidation state. Additionally, crystallite features that were 

ot observed on the other iron foils, could be observed, which are 

ikely due to the O 2 contamination during the experiment. The 

4f 7/2 & U4f 5/2 regions of two crystallite features are shown in 

ig. 11 with a higher oxidation state than what was observed in 

he general spectrum. The significantly higher U4f 7/2 -peak energy 
7 
n feature 2 indicate that certain spots were oxidized on the sur- 

ace as U(VI), as the position is clearly above that of U(V). The ox- 

dation therefore did not occur uniformly on the iron foil surface 

ut was seemingly concentrated to spots which show stronger ox- 

dation. 

The Fe2p 3/2 peaks on the iron foils were analyzed and de- 

onvoluted into their Fe(0), Fe(II) oct , Fe(III) oct , Fe(III) tet , Fe(II) sat 

nd Fe(III) sat signals corresponding to the characteristics shown in 
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Fig. 10. XPS measurement of the U4f 7/2 & U4f 5/2 peaks with the corresponding satellites from experiment batch I-L. 

Table 6 

Fe(III) to Fe(II) ratios of the Fe2p3/2 

peaks of the E-H and I-L experiment 

batches. 

Iron foil label Fe(III)/Fe(II) ratio 

E 0.9753 

F 1.2251 

G 1.2680 

H 0.9619 

I 0.9987 

J 1.5403 

K 1.2868 

L 1.3389 

T

t

s

3

g

b

e

d

Table 7 

Modelled major uranyl species using PHREEQE C in the 400 ppm CO2 atmosphere 

experiments. 

400 ppm CO 2 01D 02A 10–2 10–2-Ca 

Ca 2 UO 2 (CO 3 ) 3 87.60% 95.39% 0.00% 48.08% 

CaUO 2 (CO 3 ) 3 
2 − 1.88% 4.28% 0.00% 43.43% 

UO 2 (OH) 2 5.75% 0.00% 3.56% 0.31% 

UO 2 (CO 3 ) 2 
2 − 2.17% 0.01% 68.09% 5.88% 

UO 2 CO 3 2.09% – 1.09% 0.09% 

UO 2 (CO 3 ) 3 
4 − – 0.31% 24.51% 2.21% 

Table 8 

Modelled major uranyl species using PHREEQE C in the 30 0 0 ppm CO 2 atmosphere 

experiments. 

30 0 0 ppm CO 2 01D 02A 10–2 10–2-Ca 

Ca 2 UO 2 (CO 3 ) 3 55.34% 95.39% – 32.06% 

CaUO 2 (CO 3 ) 3 
2 − 1.19% 4.27% – 28.75% 

UO 2 CO 3 17.06% – 9.85% 3.90% 

UO 2 (OH) 2 7.18% 0.00% 4.09% 1.64% 

UO 2 (CO 3 ) 2 
2 − 4.94% 0.02% 78.83% 31.56% 

(UO 2 ) 2 CO 3 (OH) 3 
− 1.75% – 3.43% 0.56% 

N

g  

U

c

able 2 . For experiment batches E-H & I-L the Fe2p 3/2 deconvolu- 

ions are shown in Figs. 12 and 13 respectively. 

The corresponding Fe(III)/Fe(II) ratios of the Fe2p 3/2 peaks are 

hown in Table 6 . 

.4. Speciation calculations 

The speciation of uranyl after being added to the synthetic 

roundwaters under 400 and 3000 ppm CO 2 in Ar atmospheres, 

efore coming in contact with the corroding iron foils, are mod- 

lled using PHREEQEC [56] , and using the Lawrence Livermore 

atabase with the addition of calcium uranyl complexes from the 
8 
EA TDB database [26] and the redox assisting element RX to- 

ether with the Inert elements Ip and Im [57] ( Table 7 & Table 8 ).

nder the low partial pressure CO 2 atmosphere, the Ca 2 UO 2 (CO 3 ) 3 
omplex dominates in Ca containing groundwaters. As seen from 
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Fig. 11. The U4f 7/2 and U4f 5/2 peaks of the crystallite features on the iron foil from experiment M. The energy position in feature 2 represents an oxidized U(VI) state, likely 

due to the oxygen contamination during the experiment. 

Fig. 12. Deconvolution of the XPS Fe2p 3/2 peaks of the iron foils from experiments E-H. 
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he Table 7 , calcium-uranyl-carbonato complexes constitute about 

0% of the dissolved U in groundwater 01D with 400 ppm CO 2 

nd 56.5% in the same groundwater with 0.3% CO 2 . In synthetic 

roundwater 02A such complexes dominate much more the uranyl 

peciation, they constitute ∼99.7% of the total U both in 02A with 

00 ppm CO 2 and 02A with 3000 ppm CO 2 . 

.5. Kinetics of U(VI) reduction 

The kinetics of U(VI) removal by corroding metallic iron was 

nvestigated by measuring the uranium concentration in solution 

n experiments A–P at different times (shown in Figs. 2-4 , and 

ig. 14 ). Under our experimental conditions, the reductive sites on 

he iron surface and Fe(II) in solution are much in excess of U(VI). 
9 
f we plot ln(C t /C 0 ) versus reaction time, where C t and C 0 are U(VI)

oncentrations at time t and 0 respectively, we see a nearly linear 

elationship indicating that the uranium removal closely approxi- 

ates pseudo-first order reaction kinetics. The natural logarithm 

f the uranium concentration for the early stages of the experi- 

ent, represented by the 5–6 first data points in each test, was 

tted by linear least squares and the slope of this line is reported 

n Table 9 as the pseudo first order rate constant for U(VI) reduc- 

ion. The higher iron concentrations in experiments A & B did not 

ontribute to faster reduction kinetics, as these higher concentra- 

ions were believed not to be due to kinetics, but rather different 

nal equilibrium conditions. With a higher CO 2 pressure, more Fe 

ill be dissolved at equilibrium, which might not affect the kinet- 

cs during the initial stages of the experiment. 
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Fig. 13. Deconvolution of the XPS Fe2p 3/2 of the iron foils from experiments I-L. 

Fig. 14. Dissolved concentrations in the 400 ppm CO 2 Ar atmosphere experiment batch M-P. Air in leakage after 60 0–80 0 h led to comparatively high uranium concentrations 

in solution. 
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. Discussion 

The rapidly decreasing dissolved uranium concentrations indi- 

ate that U(VI) is efficiently reduced and precipitated in solutions 

ontaining a corroding iron foil. The higher CO 2 partial pressure 

30 0 0 ppm CO 2 in Ar) leads to a higher dissolved CO 2 concentra-

ion, increasing the HCO 3 
− concentration. The lower uranium con- 

entrations and higher iron concentrations in batch I-L might be 
10 
ue to a higher efficiency of the FeSO 4 oxygen trap as compared 

o the FeCO 3 trap, due to the higher Fe(II) concentration in oxygen 

rap solution, given the higher solubility of FeSO 4 [53] . This causes 

 more efficient removal of the O 2 impurities from the Ar + CO 2 

as mixture as well as more efficiently capture O 2 traces from the 

lovebox atmosphere. 

As can be seen from Table 9 , the presence of calcium-uranyl- 

arbonato complexes decreases the reduction rate of U(VI) some- 
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Table 9 

Pseudo first order rate constants. 

Atmosphere Experiment Pseudo first order rate constant, d −1 

3000 ppm 

CO 2 

A - 01D 8.4E-3 

B - 02A 8.4E-3 

C - 10–2 1.5E-2 

D - 10–2 + Ca 1.2E-2 

400 ppm 

CO 2 

I - 01D 1.4E-2 

J - 02A 1.8E-2 

K - 10–2 2.2E-2 

L - 10–2 + Ca 4.3E-3 

400 ppm 

CO 2 

M - 01D 5.1E-3 

N - 02A 3.0E-3 

O - 10–2 5.6E-2 

P - 10–2 + Ca 1.5E-2 
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hat in the groundwaters containing calcium as compared to the 

alcium free 10–2 solution. Thus, at 30 0 0 ppm CO 2 , the reduction

ate constant is about 1.8 times higher in the 10–2 solution than in 

he Ca-containing groundwaters, where calcium-uranyl-carbonato 

omplexes constitute more than 99% of uranyl soluble species. The 

ifferences are anyhow small. Under our conditions, they appear to 

e less important than an efficient scavenging of the oxygen traces, 

hich in the case 400 ppm experiments I, J & K causes the highest

eduction rates measured, both with and without calcium where 

gain the presence of calcium makes the reduction about 1.2–1.6 

imes slower ( Table 9 ). 

The presence of metallic iron in solution and of the anoxic cor- 

osion products such as magnetite or carbonate green rust on its 

urface is expected to enhance even reduction caused by Fe(II) 

orbed from solution onto their surface [27] . Uranium can also be 

educed directly on magnetite [16] , or alternatively on carbonate 

reen rust [ 15 , 19 ]. However, the Fe2p 3/2 peak deconvolution anal- 

sis gives a ratio between Fe(III) and Fe(II) fairly close to 1 for all

oils in experiment batches E-H and I-L, which represents an oxide 

ith a higher amount of Fe(II) than what is present in magnetite. 

t the same time, this ratio is lower than the amount of Fe(II) ex- 

ected from most green rust compositions [54] , which could indi- 

ate a mixture of the two different oxides. Uranium was observed 

o be precipitated on top of carbonate rich spots on the iron foil 

urfaces, likely in conjunction with the carbonate green rust cor- 

osion product. This corresponds well with the results from the 

ork of Cui and Spahiu, where uranium was precipitated on top 

f green rust under analogous experimental conditions [15] , and 

he results from O’Loughlin, which showed that UO 2 nanoparticles 

ere formed by the reductive action of green rust [19] . 

Comparing the last data points in experiments I & K to those 

f J & L, the corresponding uranium concentrations of the former 

re lower by approximately an order of magnitude compared to 

he latter ( Fig. 4 ). The significantly higher amount of U precipita- 

ion can also be observed from both the relative intensities in the 

PS measurement ( Fig. 10 ) as well as from the larger grain size in

xperiment K compared to L as shown in Fig. 8 . 

The U4f 7/2 peaks in experiments E-H have energies very sim- 

lar to that of U(IV) at 380.0 ± 0.2 eV shown in Table 1 , indi-

ating that the uranium on the iron foils is in the reduced U(IV) 

tate. As seen in a previous work by our group where UO 2 -pellets 

ere measured, the U4f 7/2 peak position was shifted to an energy 

f ∼379.5 eV due to the charging correction procedure [37] . This 

ame shift is likely not present in the measurement of precipitated 

ranium on the iron foils as the U4f 7/2 peak energy is close to 

80 eV, with corresponding satellites which are quite well aligned 

ith the U(IV) satellite shift energy of 6.9 ± 0.5 eV. The satellite 

hift is however on the lower end or even below of expected range 

or several peaks. Nevertheless, this is not indicative of U(V), as the 

atellites would have an increase in the binding energy position 

 Table 1 ). 
11 
. Conclusion 

The understanding of UO 2 migration behavior in groundwater 

olution in the presence of iron is important in the safety assess- 

ent of a geological final repository as well as for predicting the 

ehavior of dissolved uranium in the environment. The work ex- 

erimentally shows that there is an additional reducing capacity 

n the system from metallic iron in the fuel canister inserts. This 

as shown through the strong reducing effect by the iron foils, re- 

ucing the initially present ∼4.2 ·10 −6 M uranium to approximately 

hree orders of magnitude lower concentrations in all groundwater 

ompositions in the long term, quite like those in equilibrium with 

O 2 (am) [22] . 

The investigation of iron foil surfaces after test conclusion with 

EM-EDS and XPS confirmed uranium precipitation as UO 2 (s) on 

op of the iron foil surfaces as radially growing particles, produc- 

ng particles with relatively large radii considering the low total 

ranium amounts in solution. This precipitation likely occurred on 

arbonate green rust formed on corroding iron surface, observed 

s dark green spots (see Fig. 5 a and b). 

The presence of calcium-uranyl-carbonato species did not in- 

ibit the reductive precipitation in contact with a corroding metal- 

ic iron surface, even though the reduction was slightly slower in 

he presence of Ca. In a repository canister breach scenario, po- 

entially dissolved UO 2 in the U(VI) oxidation state would then be 

xpected to be reduced and probably re-deposited as UO 2 particles 

n the corroding iron surface of the canister insert. 
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ppendix 

In the batch with experiments M-P, the partial pressure of O 2 

eached a level of ∼80 ppm around 60 0–80 0 h, due to the glove-

ox Ar gas supply running empty for a brief time period. This 

ed to uranium concentrations fluctuating quite significantly in the 

0 −9 –10 −7 M range during the remainder of the experiment. The 

esulting iron concentrations were lower than those found in ex- 

eriment batch A-D & I-L. 
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