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Interaction Between U(VI) and Fe(II) in Aqueous Solution Under Anaerobic 
Conditions – Closed System Experiments 
 
ABSTRACT  
The aim of these experiments is to investigate the potential reduction of U(VI) 
carbonate and hydroxide complexes by aqueous Fe(II). This reduction phenomenon 
could be important under the disposal conditions of spent fuel. If groundwater enters the 
copper/iron canister, alpha radiolysis of the water may locally induce oxidizing 
conditions on the surface of UO2 fuel, leading to the dissolution of UO2 as more soluble 
U(VI) species. A potential reducing agent in the intruding water is Fe(II)(aq) from 
anaerobic corrosion of the copper/iron canister. The reduction of U(VI) to U(IV) would 
substantially decrease the solubility of U as well as co-precipitate other actinides and 
radionuclides. 

The interaction experiments were conducted in 0.01 M NaCl and 0.002 M NaHCO3 
solutions using an initial uranium concentration of either 8.4 • 10-8 or 4.2 • 10-7 mol/L 
with an initial Fe(II) concentration of 1.8 • 10-6 in the NaCl solutions and 1.3 • 10-6 
mol/L in the NaHCO3 solutions. Only after an equilibration period for U(VI) 
complexation was Fe(II) added to the solutions. The reaction times varied from 1 week 
to 5 months. For extra protection against O2, even inside a glove-box (N2 atmosphere), 
the plastic reaction vessels were closed in metallic containers. The concentrations of U, 
FeTOT and Fe(II) were analysed as a function of time for unfiltered, micro- and 
ultrafiltered samples. In addition, the precipitate on the ultrafilters was analysed with 
ESEM-EDS. The evolution of pH and Eh values was measured. The oxidation state of U 
in solution was preliminarily analysed for chosen periods.  

The results of the tests in 0.01 M NaCl showed an initial rapid decrease in U 
concentration after the addition of Fe(II) to the solution. The U found on test vessel 
walls at the end of the reaction periods, as well as the ESEM-EDS analyses of the 
filtered precipitates from the test solutions, showed that precipitation of U had occurred. 
The oxidation state analyses showed the presence of U(IV) in the solutions after 3 and 6 
weeks’ reaction time. These results suggest that the reduction of U(VI) by Fe(II) 
occurred in NaCl solution. The observed change in U concentration in 0.002 M 
NaHCO3 solution was small and very slow. Uranium(IV) was also found in solution in 
this test, showing that some reduction occurred in spite of the stabilising effect of 
carbonates on U(VI) solutions.  

Keywords: Uranium, reduction, iron, Fe2+(aq), anoxic conditions, spent fuel. 



Uraanin ja raudan vuorovaikutukset 
 

TIIVISTELMÄ 

Vuorovaikutuskokeiden tarkoituksena on tutkia toimiiko kahdenarvoinen liukoinen 
rauta (Fe2+(aq)) pelkistimenä U(VI):n karbonaatti ja hydroksidi komplekseille 
vesiliuoksissa. Siinä tapauksessa, jos kuparikapseli vaurioituu ja pohjavettä pääsee 
virtaamaan sen sisään, voi veden alfaradiolyysi saada aikaan paikallisesti hapettavat 
olosuhteet polttoaineen (UO2) pinnalla. Tämä voi puolestaan johtaa uraanin 
liukenemiseen uraanioksidin pinnalta suurempi liukoisena U(VI):na. Kulkeutuessaan 
kapseliin pohjavesi reagoi myös rauta/kupari kapselin kanssa. Raudan anaerobinen 
korroosio tuottaa ympäröivään liuokseen H2-kaasua ja Fe2+-ioneja. Fe(II) voisi 
periaatteessa pelkistää kuudenarvoista uraania. Uraanin pelkistyminen hapetustilalta 
U(VI) tilalle U(IV) laskisi oleellisesti uraanin liukoisuutta ja saattaisi samalla 
kerasaostaa myös muita aktinideja. 

Kokeet tehtiin 0.01 M NaCl ja 0.002 M NaHCO3 liuoksissa. Uraanin alkukonsentraatio 
koeliuoksissa oli joko 8.4 • 10-8 mol/L tai 4.2 • 10-7 mol/L. Fe(II):n alkukonsentraatio 
puolestaan oli NaCl koeliuoksissa 1.8 • 10-6 mol/L ja NaHCO3 koeliuoksissa       
1.3 • 10-6 mol/L. Kokeiden alussa kuuden arvoisen uraanin annettiin ensin tasapainottua 
liuoksen kanssa, jotta kompleksit ehtisivät muodostua. Tämän jälkeen Fe(II) lisättiin 
liuoksiin. Yksittäisten koeliuosten reaktioajat vaihtelivat yhdestä viikosta viiteen 
kuukauteen. Vaikka kokeet tehtiin hapettoman kaapin typpi atmosfäärissä, koeastioita 
säilytettiin silti kaapin sisällä suljetussa isommassa metalliastiassa. Tarkoituksena oli 
suojella näytteitä kaapin atmosfäärin hivenhapelta. Uraanin, kokonaisraudan ja Fe(II):n 
pitoisuudet suodattamattomissa ja mikro- ja ultrasuodatetuissa näytteissä analysoitiin 
ajan funktiona. Ultrasuodattimelle suodatuksessa jäänyt aines analysoitiin ESEM-
EDS:llä. Koeliuosten Eh:ta ja pH:ta mitattiin koejaksojen lopussa. Myös uraanin 
hapetustila suodattamattomissa näytteissä määritettiin valituille koeliuoksille.  

Kokeiden tulokset erosivat kahden eri koeliuoksen, 0.01 M NaCl:n ja 0.002 M 
NaHCO3:n välillä. NaCl liuoksessa tapahtui selvästi voimakkaampia reaktioita. 
U-konsentraatio 0.01 M NaCl liuoksessa laski nopeasti Fe(II) lisäyksen jälkeen. 
Tulokset liuosanalyyseistä, ESEM-EDS analyyseistä ja uraanin hapetustila analyyseistä 
viittaavat siihen, että Fe(II) pelkistää U(VI):tta U(IV)-tilalle liuoksessa. NaHCO3 
liuoksessa havaitut muutokset olivat hitaampia ja ainoastaan hapetustila analyysit 
antoivat aihetta ajatella, että uraanin pelkistymistä voisi tapahtua jossain määrin myös 
karbonaattiliuoksessa 

Avainsanat: uraani, pelkistyminen, rauta, Fe2+(aq), hapettomat olosuhteet, käytetty 
polttoaine 
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DFB desferriferrioxamine B 
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EDTA ethylenediamine tetra acetic acid  

ESEM environmental scanning electron microscope 

GSED gaseous secondary electron detector 

GTK Geological Survey of Finland 

HDPE high density polyethylene 
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1 INTRODUCTION 

Reducing conditions are expected to prevail in the spent nuclear fuel repository, which 
will be located in crystalline rock about -500 m below ground level. In these conditions, 
the matrix of spent nuclear fuel, which consist mainly of sparingly soluble UO2(c) 
(~96%), should remain at the oxidation state U(IV) inside the sealed copper/iron 
canister. In the case of canister failure, the water that penetrates in the canister 
undergoes radiolysis, in particular near the fuel surface. Water The radiolysis produces 
both oxidizing (e.g. H2O2, O2) and reducing products (e.g. H2). The oxidising products 
are believed to be more reactive than the reducing ones and may cause locally oxidizing 
conditions on the fuel surface. This would lead to the oxidation and dissolution of U(IV) 
as more soluble U(VI) species.  

In the presence of carbonate, the U(VI) forms very soluble carbonate complexes (e.g. 
UO2(CO3)2

2-, UO2(CO3)3
4-, (UO2)2CO3(OH)3

-) (Langmuir, 1997). These complexes can 
become stable even in mildly reducing conditions. In the absence of carbonate, U(VI) 
forms hydroxyl complexes (e.g. UO2OH+, UO2(OH)2, UO2(OH)-

3, (UO2)3(OH)5
+, 

(UO2)2(OH)2
2+) above pH 5. Thus, the prevailing species depends on the composition 

and pH of the surrounding solution.  

The iron insert of the canister contains 10 to 18 tons of metallic iron (Raiko 2005). If 
groundwater penetrates the canister, the anaerobic corrosion of iron produces Fe(II) ions 
in the surrounding solution. The reduction of uranium has been observed to take place 
in the presence of metallic iron (Butorin et al. 2003; Ollila et al. 2003; Farrell et al. 
1999; Fiedor et al. 1998). The concentration of uranium in solution was seen to decrease 
strongly and reduced uranium precipitates were detected on iron surface. Research 
results by Butorin et al. 2003 indicated that the reduction of uranyl carbonate and 
hydroxyl complexes also took place in the solution in a system in the presence of 
actively corroding iron, i.e. sorption onto the iron /iron oxide surface may not be 
necessary for the reduction to take place. This finding suggests, that aqueous Fe(II) 
could reduce uranium in solution.  

There are a few experiments available in literature, aimed to investigate whether the 
aqueous Fe(II) could function as a reducing agent for uranium in anaerobic conditions. 
In those cases found (e.g. Liger et al. 1999; Gogolev et al. 2006), the U concentrations 
and/or the experimental conditions were irrelevant considering the expected conditions 
for the repository of spent nuclear fuel. However, the effects of ligand complexation on 
the reduction of U(VI) have been investigated by Wang et al. (2008). They studied the 
reduction of different uranium(VI) complexes by anthraquinone-2,6-disulfonate 
(AH2DS). In these experiments, the rate constants were observed to vary with the ligand 
type, solution pH and U(VI) concentration. The maximum reaction rate followed the 
order of OH- > CO3

2- > EDTA > DFB, which is in reverse order of the thermodynamical 
stability of uranyl complexes and ionic sizes of the ligands.  

In our experiments, we concentrated on the interactions between the hydroxide and 
carbonate complexes of U(VI) and aqueous Fe(II). Preliminary experiments have been 
performed earlier (Myllykylä and Ollila 2008) and those showed a need for 
minimization of the effects of trace oxygen in the N2 atmosphere of the glove box. The 
oxygen content in the glove box is normally less than 1 ppm in the N2 atmosphere. 
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2 EXPERIMENTAL METHODS 

The interactions between U(VI) and aqueous Fe(II) were studied in 0.002 M NaHCO3 
and in 0.01 M NaCl solutions under N2 atmosphere in a glove box (O2 < 1ppm in N2). 
The O2 content in the aqueous phase is low. It is below 5 ppb, which is the detection 
limit of Orbisphere oxygen analyser. The exact O2 content is not known due to 
difficulties in the calibration of low contents of O2. The O2 reading given by the 
analyser for the aqueous solution in the glove box is close to zero (0.01 – 0.02 ppb).  

The first part of the experiments consisted of separate batch tests with test solutions, 
which were analysed at the end of the reaction periods. The durations of the reaction 
periods varied from 1 week to 4 months. The test solutions were rejected after the 
samplings. The reaction periods from 1 to 3 weeks had two parallel tests, one for the 
solution analyses (U, Fe) and the other for pH and redox measurements (K/H I and II 
respectively, see Table 1). In addition, the longer periods (1-4 months) had an extra test 
with a larger solution volume and higher initial uranium concentration (K/H III in Table 
1). The purpose of these tests was to recover and analyse colloidal or solid materials 
possibly forming in reaction solutions with the help of filtration. In addition, the 
fractions of uranium sorbed or precipitated on the walls of the test vessel were analysed 
after the filtration of the solution.  

Taking into account the facts that there were two different waters, and two to three 
vessels for each solution per each reaction period, the total number of test vessels was 
54. 

Table 1. The set of  test solutions for reaction periods. 

Test Fe(II) 
(mol/L) 

Fe(II) 
(ppm) 

U(VI) 
(mol/L) 

U(VI) 
(ppm) 

Solution Volume 
(ml) 

 K I  
Solution analyses 1.3E-06 0.073 8.4E-08 0.02 

0.002 M  
NaHCO3 50 

 K II 
pH & Eh 1.3E-06 0.073 8.4E-08 0.02 

0.002 M  
NaHCO3 50 

 K III 
Filtrations* 1.3E-06 0.073 4.2E-07 0.1 

0.002 M  
NaHCO3 100 

 H I  
Solution analyses 1.8E-06 0.1 8.4E-08 0.02 

0.01 M  
NaCl 50 

 H II 
pH & Eh 1.8E-06 0.1 8.4E-08 0.02 

0.01 M 
NaCl 50 

 H III 
Filtrations* 1.8E-06 0.1 4.2E-07 0.1 

0.01 M  
NaCl 100 

*Solutions, which were filtrated for solid and fractions analyses 
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Figure 1. The experimental set-up for the experiment with continuous pH and Eh 
measurements.  
 

The second part of the experiments consisted of two additional batch tests, which were 
performed in 0.01 M NaCl. The solution volume was increased to 250 ml. The first one 
was conducted with continuous pH and redox (Eh) measurements. This reaction vessel 
was equipped with incorporated electrodes (see Figure 1) and the vessel was kept closed 
during the whole duration of the test. Samples for U and Fe analyses were taken only in 
the beginning and at the end of the test. A parallel test was performed with more 
frequent samplings for U and Fe analyses. The reaction vessel was opened in the glove 
box when taking these samples. The pH was measured with an external electrode by 
taking a separate sample of the test solution. The results of the analyses and 
measurements were compared to those from the parallel test with continuous pH and 
redox measurements.  

 

2.1 Preparation of solutions 

The U(VI) stock solution was prepared by dissolving uranium trioxide (UO3(s), Pfaltz & 
Bauer, Inc.) in 0.5 M HCl in air. The stock solution had a uranium concentration of 
106 mg/l. An aliquot of the deaerated stock solution was added to the test solutions.  

The Fe(II) stock solution was prepared by dissolving FeCl2 · 4H2O (Merck, pro analysis 
quality) in deaerated deionised water in the glove box. The Fe(II) chloride had been 
stored in the glove box after opening in order to prevent oxidation of the reagent. Fresh 
Fe(II) stock solution was used at the start of every phase of the experiments.  

Pt electrode (Eh) 

Au electrode (Eh) 

Ir electrode (pH) 
Commercial  
reference Ag/AgCl 
electrode 

Continuous 
measurements 

Parallel test 
solution
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The NaHCO3 solutions were prepared by dissolving NaHCO3 (Merck, p.a. quality) salt 
in deaerated deionised water in the glove box. The NaHCO3 solutions were stored in 
tightly closed polyethylene containers in the glove box.  
The NaCl solutions were prepared from deaerated stock solution (1 M) by dilution with 
deaerated deionised water in the glove box. The stock solution was prepared by 
dissolving NaCl (s.p. quality, Merck, 99.99 %) in deionised water under aerobic 
conditions. 

 

2.2 Experimental  

The initial Fe(II) and U concentrations of test solutions (K/H I and II) are given in 
Table 1. Modelling calculations with EQ3 were carried out to determine the maximum 
allowable Fe(II) concentrations available to reduce U(VI) while avoiding Fe(II) 
precipitation.  Thus, a bit lower Fe(II) concentration was used in carbonate solutions in 
order to prevent the precipitation of siderite (FeCO3). The initial U(VI) concentrations 
were selected to be lower than Fe(II) concentration in order to have excess of Fe(II), and 
thus increase the probability of U(VI) reduction. However, the concentrations were 
sufficiently high for subsequent analyses. The initial U(VI) concentrations were 
increased in the test solutions for solid analyses to increase the amount of potential 
U(IV) precipitates after the reduction and thus to have enough solid material for XRD 
and ESEM-EDS analyses (see Table 1). 

The tests were performed as batch tests in a glove box as follows. 

Tests for solution analyses 

Solutions corresponding to 0.002 M NaHCO3 or 0.01 M NaCl were added to a 
polyethylene vessel. The volume of the solution varied between 250 ml and 500 ml 
depending on the number of reaction periods to be started. Next, uranium was added as 
an aliquot of uranium stock solution. 0.1 M NaOH was added to neutralize the acid 
from the uranium stock solution (0.5 M HCl). The solutions were allowed to equilibrate 
about a week, during which the pH of the NaHCO3 solution was adjusted to 8.8 and the 
pH of the NaCl solution to 8.3.  The chosen pH values 8.8 and 8.3 represent the pHs of 
Allard water (ALL-MR) and Olkiluoto saline water (OL-SR) in oxygen free conditions 
(log pCO2= -4), respectively (Vuorinen and Snellman 1998). Then, Fe(II) was added as 
an aliquot of the Fe(II) chloride solution and the solutions were divided between the 
polypropylene (PP) reaction vessels (60 ml) with a volumetric flask (50 ml).  

After the closure of the reaction vessels, they were placed in metallic containers to 
minimize the diffusion of trace O2 through the plastic walls of the reaction vessels in the 
test solutions (see Figure 2). The container was opened only during samplings. The 
amount of trace oxygen in the N2 gas of the glove box was kept below 1 ppm with the 
help of a gas purification system. It was at best of the order of 0.1 ppm. This 
corresponds to the O2 partial pressure of 10-7 atm, but is still very far from the 10-65 atm, 
which is needed to ensure the thermodynamic stability of U(IV)O2. Each container had 
also one 0.01 M NaCl solution (100 ml) with 7.2·10-6 mol/l of Fe(II) as an oxygen trap. 
This solution was covered only with a piece of parafilm, which allows the transport of 
O2 gas molecules between the vessel and surrounding phase. The purpose was to protect 
test solutions from the effects of trace O2.  
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The tests for solution analyses had two parallel test vessels per reaction period, one for 
elemental analyses and the other for pH and redox measurements. The samplings and 
measurements were made 1, 2, 3, 4, 6, 8, 12, 16 and 28 weeks after the addition of 
Fe(II). After the samplings, the rest of test solutions were rejected. Table 2 gives the 
schedule for the different analyses. The samplings, elemental analyses and pH and 
redox measurements are described in more detail in Sections 2.3, 2.4 and 2.5. 

 

    
Figure 2. Reaction vessels were closed in metallic containers inside the glove box.  
 
 
Table 2. Realized analyses and measurements for test solutions after reaction periods. 

Test 
period 
(weeks) 

U 
unfiltered 

sample 

U 
microfiltered 

sample 

U 
ultrafiltered

sample 

U(VI)  
analysis

Fe(II)/FeTOT
unfiltered 
samples 

Fe(II)/FeTOT 
microfiltered 

samples 

pH Eh

0 x x     x   x   
1 x x   x x   x   
2 x x x   x x x x
3 x x   x x   x x
4 x x x   x x x x
6 x x   x (x) (x)  x   
8 x x x  x x x x

12 x x   x x   x x
16 x x x x x x x x
28 x x x x x x x x

 

Tests for solid and fraction analyses  

In principle, these solutions were prepared in a similar manner to those described above. 
Only the amount of added uranium was higher. In addition, the division between the 
reaction vessels was performed using a larger volumetric flask of 100 ml and 125 ml 
high density polypropylene (HDPE) reaction vessels. These test vessels were placed in 
same metallic containers with test vessels for solution analyses and the oxygen trap (see 
Figure 2). The initial Fe(II) and U concentrations of the test solutions (K/H III) are 
given in Table 1. 



 8

The 0.01 M NaCl test solutions for the solid and fraction analyses were filtered with an 
Amicon ultrafiltration cell and Millipore ultrafiltration membranes (PLTK2510, 
NMWL 30 000, � 25 mm) about 1, 4, 6, 8 and 16 weeks after the addition of Fe(II). For 
the 0.002 M NaHCO3 test solutions, only the periods of 4, 6 and 16 weeks were selected 
for filtration. The filtrate was collected and the filter was kept as moist as possible in the 
glove box prior to ESEM-EDS analysis. The empty reaction vessel was rinsed first with 
aerated deionised water and next acid-stripped with 1 M HNO3 for fraction analysis. 
The filtration procedure and the following steps and methods are described in more 
detail in the Section 2.6. 

Figure 3 shows the experimental set-up and the analyses and samplings, which were 
done during the experiments. 

 

 
Figure 3. The experimental set-up in the glove box and the samplings and analyses, 
which were done during the experiments.  
 

Tests with continuous pH and Eh measurements 

Uranyl was added as an aliquot of U(VI) stock solution to 250 ml of 0.01 M NaCl 
solution in a polyethylene vessel (250 ml). 0.1 M NaOH was added to neutralize the 
acid from the uranyl solution (0.5 M HCl). After an equilibration time of five days, a 
sample was taken for uranium analysis. Then, the first aliquot of Fe(II) chloride solution 
was added. Two days later, the second aliquot of Fe(II) chloride solution was added to 
reach the initial concentration of 1.8x10-6 mol/l. After this, the reaction vessel was 
maintained closed in the glove box. The rest of the samplings were taken at the end of 
the test (60 to 70 d).  

A parallel test was performed without integrated pH and Eh electrodes. The purpose of 
this test solution was primarily to obtain solution samples for uranium and iron analyses 
periodically during the test, because the test vessel with electrodes was kept closed 
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throughout the test. In addition, some samples were taken for pH analysis to compare 
the values obtained with different types of pH electrodes and measurement systems. 

The sampling procedures, as well as pH and redox measurements are described in detail 
in Sections 2.3 and 2.4.  

 

2.3 Eh and pH measurements 

Batch tests 

Each reaction period had a separate, parallel test vessel, which were used only for the 
pH and redox measurements. The measurements were performed at the end of the 
reaction periods. The pH of the test solutions was measured before the redox value with 
an Orion ROSS pH electrode (with RossTM filling solution 810007). The pH value was 
allowed to equilibrate for a few minutes.  

The redox potential was measured with a Hamilton Oxytrode Gold electrode, which is 
a combination electrode with gel electrolyte. The equilibration took a longer time, and 
thus the measurement was continued at least 12 h and even longer. For this reason a lid 
with a hole and electrode with teflon tape as a seal were used to minimize possible 
changes caused by the escape of CO2 and other interactions with the gas of the glove 
box and its trace oxygen (see Figure 4). After the pH and Eh measurements, the solution 
was rejected. 

The arrangement and the procedure of pH and Eh measurements were performed in 
order to minimize the disturbances caused by the intrusion of oxygen and leaking out of 
CO2. It is possible that these disturbances could not be completely avoided in this case. 

  

 
Figure 4. The arrangement for redox and pH measurements in the glove box.  
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Tests with continuous pH and Eh measurements 

Of the two reaction vessels, only one was equipped with integrated electrodes (see 
Figure 1). A solid IrOx wire worked as the pH electrode. The Eh was measured with two 
electrodes. One was prepared from Pt wire and the other from Au wire (Muurinen and 
Carlsson 2007). A commercial Ag/AgCl electrode (LF-27, Innovative Instruments, Inc) 
was used as the reference electrode for all the measuring electrodes. The electrodes 
were placed in four holes in the lid of the vessel and attached with epoxy glue. The 
vessel with the electrodes was placed in a glove box.  

Before the measurements, the electrodes were calibrated. The potential of the reference 
electrode (LF-27) was checked with an additional commercial reference electrode 
(Ag/AgCl, Orion 900100) in 0.1 M NaCl. The pH electrode (IrOx) was calibrated by 
measuring the potential between it and the reference electrode in two different buffer 
solutions (pH 4 and 7). The calibration was performed before the start and after the 
termination of the test. 

The pH of the solution in the parallel test was measured a few times during the test for 
comparison with the Orion ROSS pH electrode. Approximately 10 ml of the test 
solution was poured into a separate container for the measurement. After this, the 
solution was rejected. 

 

2.4 Elemental analyses for solution samples 

2.4.1 Uranium 

The uranium concentrations in test solutions were analysed with ICP-MS (VG Plasma 
Quad 2+). The uranium concentrations were measured in unfiltered (5 ml), microfiltered 
(2 to 5 ml) and ultrafiltered (0.8 ml) samples. The samples were acidified (1 M HNO3) 
instantly after the samplings. Microfiltration was performed with the help of a syringe 
and a Millex-HV13 filter (0.45 �m pore size, � 13 mm). U in ultrafiltered samples 
represents the amount of soluble U. The results can be used to evaluate the amounts of 
soluble uranium and U colloids in the test solutions. Ultrafiltration was carried out by 
centrifuging the samples in Whatman’s Vectraspin Micro 2 ml centrifuge tubes (9 000-
10 000 g, ~ 40 min) equipped with cellulose triacetate filter membranes with 12 K 
molecular weight cut off (MWCO). All the filtrations were performed under nitrogen 
atmosphere in the glove box. 

 
2.4.2 Iron 

The analyses of total iron and ferrous iron (Fe2+) contents in solution were made using a 
ferrozine-based method. This spectrophotometric method was illustrated by Dimmock 
et al. (1979) and developed further by Ruotsalainen et al. (1994). The basic idea of the 
method is that the ferrous iron in solution is allowed to react with ferrozine (3-(2-
pyridyl-5,6,bis(4-phenylsulfonic acid)-1,2,4 triazene, disodium salt). The concentration 
of developed iron(II)-ferrozine complexes was measured with a spectrophotometer. 

The total iron content was analysed by first reducing all the iron in solution to Fe(II), 
which was followed by the reaction of Fe(II) with ferrozine. Thioglycolic acid was used 
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as the reducing agent. The content of Fe(III) can be calculated by subtracting the Fe(II) 
content from the total Fe content.  

The samples for Fe analyses were taken at the end of each reaction period in order to 
evaluate the development of the Fe(II) and Fetot concentrations. The samples (5 ml) for 
Fe(II) and Fetot analyses were taken from the test solutions and placed in polypropylene 
test tubes. Ferrozine reagent buffer (400 �l) was added to the Fe(II) sample and 
thioglycolic acid (50 �l) to the Fetot sample under anoxic conditions in the glove box. 
After this, the samples were brought out of the glove box. 

The iron in total iron samples was reduced to Fe(II) with thioglycolic acid at 90 �C 
(30 min). After cooling, the ferrozine reagent buffer was added. Next, the pH of the all 
samples was adjusted to 4.1. The absorbancies of the samples were measured with a 
VIS-spectrophotometer at a wavelength of 562 nm. 

The blank samples for spectrophotometric determinations were taken from 0.002 M 
NaHCO3 and 0.01 M NaCl solutions and prepared in a similar way to the samples for 
Fetot analyses. 

 

2.5 Analyses for uranium oxidation states  

Initially, the plan was to analyse the amount of U(VI) in the test solutions at the end of 
the selected reaction periods (see Table 2). Additionally, the U(IV) in the test solutions 
was analysed for the reaction periods of 3 and 6.  

The method included separating the tetravalent and hexavalent states by anion-exchange 
chromatography in an HCl medium, followed by the analyses of the uranium contents in 
the U(VI) fractions by ICP-MS. The separation of U(IV) and U(VI) is based on the 
fixation of U(VI) chloride complexes on the anionic resin in a strongly acidic HCl 
medium (Hussonnois et al. 1989; Ollila 1996). 

The separation of U(IV) and U(VI) was performed under N2 atmosphere in the glove 
box. All the acid solutions were of supra-pure quality and they were deaerated with N2 
prior to use. Deaerated U-233 solution (1 M HCl) was used as a yield tracer for the 
U(VI) separation procedure. The separation included the following steps: 

1. The sample (0.1-1 ml) was taken from the test solution. The sample was not 
filtered.   

2. Concentrated HCl and U-233 tracer (300 �l, 1.8 ng) were added to the sample. 
The resulting sample solution should have 4.5 M Cl-. The acid solution breaks up 
colloids and/or unknown hydrolysed and complexed species present in the sample and 
forms U chloride complexes. The strongly acidic solution was allowed to react for a 
couple of hours. 

3. Anionic resin (Dowex 1 x 8, 200-400 mesh Cl) was added to an empty column 
(2 ml, Eichrom). The resin was washed with 4.5 M HCl (4 ml) and 0.1 M HCl (8 ml) to 
remove trace uranium from the resin. Finally, the resin was treated with 4.5 M HCl 
(4 ml).  



 12

4. The sample solution was pipetted into the column reservoir and allowed to flow 
through the column (0.2 ml/min) to test tubes. At this stage, the U(VI) chloride 
complexes fix on the resin and the U(IV) flows through the column.  

5. 4 ml of 4.5 M HCl was pipetted into the column and allowed to flow through in 
order to flush the rest of the U(IV) to test tubes.  

6. 0.7 ml of 0.1 M HCl was pipetted into the column and allowed to flow through to 
rinse 4.5 M HCl out of the column.  

7. 8 ml of 0.1 M HCl was pipetted into the column and allowed to flow through to 
test tubes. At this stage, the U(VI) is eluted from the resin. 

Next, the test tubes with the U(VI) in 0.1 M HCl solution from step 7, and the test tubes 
with the U(IV) in 4.5 M HCl solution from steps 4 and 5 were brought out of the glove 
box. 

Concentrated nitric acid (s.p.) was added to the U(VI) fractions, so that the final 
concentration of the acid was 1 M. The samples were stored in a refrigerator until they 
were analysed in U with ICP-MS. 

The 4.5 M HCl solution samples with the U(IV) were too acidic for the ICP-MS 
analyses. These fractions were stored in a refrigerator. Later on, it was possible to either 
separate the U(IV) from the acid solution (Myllykylä and Ollila, 2008) or evaporate the 
samples.  

The U(IV) fractions from the oxidation state separations after the test times of 3 and 6 
weeks were selected for evaporation and further analyses. The U(IV) fractions were 
poured into glass bottles and allowed to evaporate to dryness in air in a fume chamber. 
After 5 months, the evaporation deposits were re-dissolved in 3 ml of 1 M nitric acid for 
2 hours. Afterwards the solutions were poured into test tubes prior to sample 
preparation for ICP-MS analysis. 

 

2.6 Solid and fraction analyses of the reaction solution 

The test solutions (100 ml) for the solid and fraction analyses were filtrated with an 
Amicon stirred cell filtration unit (10 ml, without stirring) applying N2 gas pressure. 
Millipore PLTK2510 ultrafiltration membranes (NMWL 30 000, � 25 mm) were used 
as filters.  

Before the filtration, an unfiltered sample (5 ml) was taken for uranium analysis from 
the test solution. The filter was pre-treated with a few millilitres of 0.01 M NaCl or 
0.002 M NaHCO3 solution. The whole test solution (95 ml) was filtrated through the 
filtration cell in approximately 10 ml portions of solution. The N2 pressure was ~1 bar. 
The filtrate was collected in a 125 ml HDPE bottle. After filtration, the filtrate was 
removed from the glove box and acidified (1 M HNO3). The moist filter membrane was 
removed from the holder and placed in a vessel, which was kept closed in the glove box 
until the analysis of solid material on the filter.  

The empty reaction vessel was taken from the glove box for fraction analysis. First the 
vessel was rinsed twice with 10 ml of aerated deionised water. After each rinsing, the 
water was poured in a sample vessel. Then, the total rinse solution (20 ml) was acidified 
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(1 M HNO3). Next, the vessel was stripped with 1 M HNO3 in order to desorb potential 
precipitated or sorbed material from the vessel walls. A volumetric flask was used to 
pour 50 ml of acid into the reaction vessel and allowed to stand for two days. During the 
stripping, the reaction vessel was occasionally rotated so that the acid flushed the entire 
surface of the vessel walls. Finally the acid solution was poured into a separate sample 
vessel. 

The acidified rinse and acid strip solutions were kept in a refrigerator until the U 
analyses with ICP-MS. The results of the U analyses were proportioned to the volume 
of the initial test solution (100 ml). 

 

2.7 Analyses of solids 

In the beginning of the experiments the aim was to analyse the material on the filters 
both with Environmental Scanning Electron Microscopy (ESEM) and with X-ray 
Diffraction (XRD). Only the ESEM analyses were successful and gave relevant results. 
The amount of solid material recovered on the filters proved to be too small for XRD 
analyses.  

ESEM-EDS 

ESEM is a unique modification of the conventional scanning electron microscope 
(SEM). The multistage differential pumping system of the ESEM allows the usage of 
pressures between 10 and 2700 Pa, which enables the examination of wet, dirty and oily 
specimens in the specimen chamber. The use of water vapour as imaging gas in the 
chamber obviates the need for conductive coatings on sample specimen (Czichos et al. 
2007).  

In ESEM, the primary electron beam strikes a specimen and generates both 
backscattered and secondary electrons. Energetic backscattered electrons are collected 
by a line-of-sight detector. The low-energy secondary electrons are accelerated towards 
a gaseous secondary electron detector (GSED) by the electric field created between the 
positive bias on the GSED and the grounded specimen stage. On their way to the 
detector the secondary electrons collide with gas molecules (water vapour) and produce 
more secondary electrons, which also produce secondary electrons from adjacent water 
vapour molecules. The water vapour functions as a cascade amplifier. The amplified 
secondary electron signal is collected at the positively charged GSED. The intensity of 
the signal is converted to a brighter or darker portion of the image at a given point on 
the sample as the electron beam moves across the sample. The amplification process 
produces also positively charged gas molecules, which are able to discharge the excess 
electrons that accumulate on an insulating specimen from the primary electron beam. 
The charge neutralization obviates the need for conductive coatings or a low-voltage 
primary beam.  

The qualitative analysis with ESEM is based on the generation of X-rays, whose energy 
represent the chemical composition within the interaction volume. In addition to the 
image-producing backscattered and secondary electrons while hitting the sample, the 
primary beam interactions also produce X-rays in the interaction volume. The energy of 
resulting X-rays can be measured using EDS (Energy Dispersive X-ray Spectroscopy). 



 14

The X-ray counts are plotted as a function of their energy. The resulting peaks can be 
identified by element and line with standard X-ray energy tables (Czichos et al. 2007). 

In these experiments, after the filtration of the whole test solution (100 ml), the moist 
filter membrane, with precipitates on it, was removed from the filter holder and put into 
a vessel. The vessel was kept closed in the glove box until it was removed for the solid 
analysis of the filter and materials on it. The purpose was to define the elemental 
composition of the samples with elemental mappings and point analyses. Some ESEM 
images were also taken. The samples were analysed at VTT’s department of material 
technology using an FEI XL30 ESEM with LaB6 filament. The EDS-detector 
(ThermoScientific Ultra Dry Silicon Drift Detector) and analysis software (Noran 
System7) were used for the elemental analyses with ESEM-EDS. The chamber pressure 
varied between 260 and 530 Pa during the analyses. 
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3 RESULTS AND DISCUSSION  

3.1 The evolution of Eh and pH values 

Batch tests 

In 0.002 M NaHCO3 solution with U(VI) the pH remained almost stable, near the initial 
adjusted value of 8.8 after the addition of Fe(II), as can be seen in Figure 5. By contrast, 
in 0.01 M NaCl solution, the pH dropped from the adjusted value (8.3) to 7.9 
immediately after the addition of Fe(II). Within the four-month reaction period, the pH 
showed a decrease to 6.5. 

The Eh values observed from the redox measurements with the Hamilton Oxytrode gold 
electrode are presented in Figure 6. The measurements were performed at the end of the 
reaction periods in separate test vessels used only for the pH and redox measurements. 
The Eh values in NaHCO3 test solutions were somewhat higher than those, that had been 
measured earlier with an integrated Au electrode in the test in 0.002 M NaHCO3 
solution (Myllykylä and Ollila 2008, p.15). This result may be partly caused by the 
lower Fe(II) content. The measured values in 0.01 M NaCl solution were at a higher 
level than in NaHCO3 solution, but of the same level as measured earlier in synthetic 
groundwater without carbonate (Ollila 1999). The content of Fe in the solutions was 
relatively low (< 1.8·10-6 M) (see Figures 9 and 10). It was even lower in NaHCO3 
solution, possibly resulting in more scattered values in this solution. The Eh values in 
the closed test vessels during the reaction periods are probably lower. The test vessels 
were then opened for the start of the redox measurements. The interaction between U-Fe 
solution and the trace oxygen of the atmosphere of the glove box during the opening 
and the long-term measurement (12 hours or longer) obviously changes the redox 
conditions. The system can be considered very sensitive even to minor quantities of 
oxygen. 
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Figure 5. The development of pH values in the test solutions, U(VI) in 0.01 M NaCl and 
0.002 M NaHCO3 solutions, after the addition of Fe(II). Before the iron addition the pH 
of the U solutions was adjusted to 8.8 and 8.3 for NaHCO3 and NaCl test solutions. 
Measurements were performed at the end of the tests of different duration. 
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Figure 6. Eh values, which were measured with Oxytrode gold electrode for NaCl and 
NaHCO3 test solutions at the end of reaction periods. 
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Batch tests in NaCl solutions with integrated pH and Eh electrodes  

The pH increased to 9 after the addition of Fe(II) from the adjusted initial value of 8.3 in 
the test vessel with continuous pH and Eh measurements (A, see blue values in Figure 
7). The observed strong increase with the integrated Ir electrode during the 60-day 
experiment can partly be considered as changes in the measuring and reference 
electrodes. The measurement with the Ross pH electrode showed the pH to increase to 
9.7. The values with the Ir electrode, based on the calibration at the end of the test, were 
around pH 9.3 (green values in Figure 7). Thus, it is most probable that the pH slightly 
increased after the iron addition, reaching a value around 9.5 at the end of the 
experiment. 

In order to reduce the increase that the changes in calibration of the electrodes seemed 
to cause to the pH values, an estimation of actual pH values as a function of time was 
calculated with Equation 1: 
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where, t = time of individual measurement, T = total time (59 d) and pH(START) and 
pH(END) calculated pH values, at time t, based on the calibration in the beginning and 
at the end of the experiment, respectively. The estimation curve is presented as a black 
line in Figure 7. 

However, the reference values measured with the Ross electrode in the parallel test 
solution (B) decreased and were in agreement with the values (~6.5) measured at the 
end of the batch tests (presented above in Figure 5). The decrease was slower in the 
batch tests. In the parallel test, the reaction vessel was opened several times for 
samplings and pH measurement.   

The Eh values measured continuously with Au and Pt wire electrodes were lower than 
those measured with a commercial Au electrode for the 0.01 M NaCl test solutions in 
the batch tests. The Eh showed a decrease with both wire electrodes after the addition of 
Fe(II) to the test solution (see Figure 8). After the addition of Fe(II), the potential 
decreased below -200 mV and remained near the -400 mV after 20 days’ reaction time 
until the end of the measurement (~50 d). 

The continuous measurements with wire electrodes in a similar closed experimental 
system gave low potentials also in previous experiments in 0.002 M NaHCO3 solution 
(Myllykylä and Ollila 2008, p.14-15). The Eh reached a value below -300 mV early after 
the addition of Fe(II), but afterwards increased slightly during the 20-day test.  
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Figure 7. The development of pH values as a function of time in 0.01 M NaCl test 
solutions. Measurements were performed as continuous measurements with Ir 
electrode. The values measured with an Orion Ross electrode are also given for 
comparison. A represents the solution in the test vessel with the integrated electrodes 
and B the parallel test solution without the electrodes. (Black line represents the 
calculated estimation of the development of the pH, see Equation 1). 
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Figure 8. Eh values measured with gold and platinum wire electrodes for 0.01 M NaCl 
test solution in the continuous measurements.  
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3.2 Development of uranium and iron concentrations  

Batch tests 

Figures 9 and 10 demonstrate that the changes in the uranium concentration during the 6 
months’ test time differed greatly depending on the test solution, and hence the 
complexation of U in solution. In NaCl solution, where the dominant U species are the 
hydroxide complexes, the uranium concentration decreased rapidly during the first test 
period (a few days) from the initial value of 6.2·10-8 mol/l to 1·10-8 mol/l (<20 %) after 
the Fe(II) addition. Thereafter, the uranium concentration showed some increase up to 
57 days of the reaction period to a level of 3 ·10-8 mol/l, but seemed to stabilize 
afterwards. In NaHCO3 solution, the concentration of uranium showed a slight decrease 
especially in the ultrafiltered samples in the tests with a longer reaction time (> 57 
days). 

The observed rapid decrease of the U concentration in NaCl solution suggests the 
precipitation or sorption of U species. It seems likely that the decrease was caused by 
the reduction of U(VI) to U(IV) by Fe(II) leading to the precipitation U(IV) species 
owing to the lower solubility. Figure 9 illustrates that a minor decrease took place in 
Fe(II) concentrations in the tests of shorter duration (8 and 16 days). Regardless of this 
observation, if the changes in uranium and Fe(II) concentrations are compared in moles, 
they were at the same level and almost followed the assumed stoichiometry of the 
simplified redox reaction (see Equation 2).  
 
2 Fe2+ + U6+ � 2 Fe3+ + U4+    (2) 
 
As the reaction periods were longer than 31 days, there was a decreasing trend in Fe(II) 
concentrations. 
 
In NaHCO3 solution the iron concentrations showed greater decrease than in NaCl 
solution in the beginning of the experiment, see Figure 10. However, the uranium 
concentration remained almost constant (<57 days) or decreased slightly with a longer 
reaction time (> 57 days) in NaHCO3 solution. The initial concentration of iron was 
chosen to be lower to avoid the precipitation of siderite (FeCO3). The observations 
nevertheless suggest that there had been some precipitation of iron(III) species. 
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Figure 9. Development of uranium and iron concentrations in 0.01 M NaCl after the 
addition of Fe(II) to the solution. The values represent the concentrations measured at 
the end of the batch tests of different duration. The initial values of concentrations are 
given as an average of zero values for different periods. 
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Figure 10. Development of uranium and iron concentrations in 0.002 M NaHCO3 after 
the addition of Fe(II) to the  solution. The values are given as above. 
 

Comparison between the results for unfiltered and filtered samples illustrates that the 
variation in U concentrations is greater among the samples from NaCl solutions, which 
suggests the precipitation of U to occur. The difference between the unfiltered and 
microfiltered uranium in NaCl solutions increased up to 2.2·10-8 mol/l (65 %) in the test 
from 1 to 8 weeks. The difference seemed to remain constant with longer reaction times. 
Surprisingly, the ultrafiltered samples gave slightly higher U concentrations than the 
microfiltered samples in most of the samplings. With longer reaction times (>100 d) this 
difference seemed to disappear.  
 

Batch tests in NaCl solutions with integrated pH and Eh electrodes  

Two parallel interaction tests between U(VI) and Fe(II) were performed in 0.01 M NaCl 
solution, one equipped with the integrated pH and Eh electrodes (A), and the other 
without them (B) (Figure 1). 



 21

The samples taken from the test vessel with integrated electrodes at the end of the 
experiment showed only minor changes in uranium concentrations. The test vessel was 
kept closed throughout the experiment. The concentrations of uranium in a separate test 
solution behaved differently in the absence of electrodes (see Figure 11). This test 
vessel was opened for U and Fe samplings several times during the experiment. The 
exposure to the atmosphere of the box may have influenced the pH change in the test 
solution. The pH remained at a higher level in the test vessel with the electrodes, which 
was kept closed during the experiments (see Figure 7). The concentration of 
microfiltered uranium in vessel B decreased to below 2 · 10-8 mol/l in the beginning and 
remained stable during the 65-day experiment. This resembles the behaviour of 
microfiltered uranium in the batch tests. However, the concentration of unfiltered 
uranium showed no changes. In the batch test the decrease of uranium concentration 
was also detected among the unfiltered samples (see Figure 9). 

The increase in the concentrations of iron in the beginning of the experiment is 
attributed to the two-stage addition of Fe(II) to the test solutions (see Figure 11). The 
second aliquot of Fe(II) chloride solution was added two days after the beginning of the 
experiment to gain the initial concentration (1.8·10-6 mol/l). In the beginning, the 
concentrations of unfiltered iron decreased slightly from the initial level in the reaction 
vessel without the electrodes. The final samplings gave slightly higher concentrations, 
which did not agree with the decreasing trend. The iron concentrations in the 
microfiltered samples, which were taken after 50 days’ reaction time, were almost 
identical to the concentrations in unfiltered samples. These results indicate that no 
precipitation occurred. At the end of the experiment, the concentrations of iron in the 
test vessel with electrodes were slightly lower than the concentrations in the parallel test 
solution. The behaviour of iron concentrations in these tests much resembles the results 
gained in the batch tests within 70 days.  
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Figure 11. Development of uranium and iron concentrations in 0.01 M NaCl after the 
addition of Fe(II) to the solution. A represents the solution in the test vessel with the 
integrated electrodes and B the separate test solution without the electrodes.  
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3.3 Uranium oxidation state analyses 

Uranium(VI)  

The amount of U(VI) in solution was analysed at the end of selected tests, see Table 3. 
The objective was to study whether the concentration of U at the hexavalent state 
decreases owing to a possible reduction reaction. The method was based on separating 
the oxidation states U(IV) and U(VI) by anion-exchange chromatography (see Section 
2.5). The uranium contents of the eluted U(VI) fractions were analysed by ICP-MS.  

The results for uranium concentrations in the U(VI) fractions are given in Table 3. The 
measured U in the U(VI) fractions may contain precipitated or colloidal U from the 
solution because the samples were not filtrated. The sample aliquot from the test 
solution was added to highly acidic solution (4.5 M HCl) at the beginning of the 
separation method (see Section 2.5). It is highly probable that precipitates or colloids 
were dissolved. The table also shows the measured uranium concentrations for 
unfiltered and microfiltered for comparison. The separation of U(VI) and U(IV) 
fractions was performed also for the test of 3 weeks. However, the yield of the U-233 
tracer was so poor that the results are not presented here.  

The uranium concentrations of the U(VI) fractions seemed to be approximately equal to 
or even higher than the concentrations of unfiltered samples. This observation shows 
that the uranium in solution is found at the hexavalent state. The amount of U(VI) does 
not decrease as a function of reaction time either. However, the differences between the 
initial added uranium concentration, and both the U(VI) and the unfiltered U 
concentrations, at the end of the reaction periods in 0.01 M NaCl solution showed that 
uranium has partly precipitated or sorbed, possibly on the walls of the test vessel. This 
observation might be a consequence of U reduction, because U(IV) has a high tendency 
to precipitate owing to its low solubility. 

 

Table 3. Measured U-238 concentrations in the separated U(VI) fractions and in the  
unfiltrated and microfiltrated solution samples (Uinitial =8.4·10-8).  

  0.002 M NaHCO3    0.01 M NaCl   
Test time 
(weeks) 

U(VI) 
(mol/l)  

U unfiltered
(mol/l) 

U microfiltered
(mol/l)

U(VI) 
(mol/l)

U unfiltered 
(mol/l)

U microfiltered
(mol/l) 

1 8.3·10-8 6.7·10-8 6.7·10-8 2.1·10-8 9.5·10-9 1.0·10-9 
6 8.4·10-8 7.1·10-8 6.3·10-8 2.7·10-8 2.7·10-8 7.7·10-9 

12 7.8·10-8 6.1·10-8 5.7·10-8 3.1·10-8 3.1·10-8 1.1·10-8 
16 7.0·10-8 6.1·10-8 6.2·10-8 3.5·10-8 2.5·10-8 7.7·10-9 
28 1.1·10-7 6.8·10-8 7.5·10-8 3.3·10-8 3.2·10-8 1.3·10-8 

 
 

Uranium(IV)  

The concentrations of tetravalent uranium were determined for the U(IV) fractions from 
3 and 6-week separations. The 3-week separations were made in duplicate. After the 
separation of U(IV) and U(VI) oxidation states with ion exchange chromatography, the 
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selected U(IV) fractions in 4.5 M HCl were evaporated to dryness, redissolved in 1 M 
HNO3 and analysed with ICP-MS (see Section 2.5). It is highly probable that U(IV) in 
soluble form would not be found in the test solutions because the solubility is extremely 
low and the U(IV) complexes (e.g U(OH)4) have a high tendency to sorb on surfaces. 
On the other hand, the samples for the oxidation state analyses were taken without 
filtering from inhomogeneous solutions (see Figures 9 and 10). The U concentration 
decreased rapidly in the beginning of the tests, especially in the NaCl test solution. 
Hence, the samples obviously contain colloidal or fresh amorphous precipitates. The 
idea was to determine whether these contain some U at the tetravalent state to verify a 
reduction reaction. The sample was added to strongly acidic solution at the start of the 
separation method to obtain a dissolved state (see Section 2.5 for the method).  

The results for the U-238 analyses in the U(IV) fractions are given in Table 4. The U-
233 tracer yields for the U(VI) separations were excellent in the 6-week analyses (98, 
101 %), and hence the measured ratios for this test time can be considered more 
reliable. In the 3-week analyses, the U-233 yields were low (9 to 35 %). For the 6-week 
analyses, the sample volume was increased. It is probable that the sample volume was 
too small in the 3-week analyses. All the U(VI) had obviously fixed to the very upper 
end of the column at the fixation stage and the volume of elution solution had not been 
enough to transport it out of the column entirely. Stirring was also used in the initial 
chloride complexation stage in strongly acidic solution in the 6-week separation 
(Section 2.5), which may have made the complex formation more effective. Measurable 
amounts of U(IV)-238 were found in the samples. The absence of U(VI)-233 tracer 
from the U(IV) fractions confirms that these low U amounts were at the tetravalent 
state, despite the fact that the tracer yields were low for the U(VI) separations in the 3-
week samples, which shows, there was no U(VI) present in the U(IV) fractions. The 
results suggest the presence of U(IV) in the test solutions and indicate that some 
reduction occurs. U(IV) was also found in the NaHCO3 test solution, although no rapid 
decrease in U concentration was observed in the batch tests (see Figure 10). The ratios 
for U(IV)/Uinitial are shown in Table 4. The calculated U(IV)/Uinitial ratios were between 
0.004 and 0.06. It should be noted that the measured U(IV) amounts in Table 4 contain 
only the U(IV) found from the solution, either as precipitates (colloids) or in dissolved 
form, because the samplings were made from inhomogeneous solutions (as discussed 
above). The U(IV) sorbed or precipitated on the vessel walls is not included. The main 
part of U in solution was, however, at the hexavalent state at the end of the reaction 
periods (see Tables 3 and 4).  

 
Table 4. Measured U-238 concentrations in the separated U(IV) and U(VI) fractions 
and the U(IV)/Uinitial ratio for given reaction periods. (Uinitial =8.4·10-8). 

 0.002 M NaHCO3   0.01 M NaCl    
 Test time 

(weeks) 
U(IV) 
(mol/l)  

U(VI) 
(mol/l)  

U(IV)/ 
Uinitial 

U(IV) 
(mol/l)  

U(VI) 
(mol/l)  

U(IV)/ 
Uinitial 

3 1.76·10-9 1.04·10-7 0.02 8.82·10-10 2.40·10-8 0.01 
3 3.66·10-9 5.52·10-8 0.04 3.15·10-9 7.18·10-8 0.04 
6 4.92·10-9 8.44·10-8 0.06 3.02·10-10 2.72·10-8 0.004 
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3.4 Fraction analyses 

The test solutions at the end of the batch tests for solid and fraction analyses were 
filtrated (3 nm) with an Amicon filtration cell with help of N2 pressure. A higher initial 
uranium concentration was used in these tests in an attempt to increase the amount of 
potentially precipitating U in the solutions for solid analyses. Before the filtration, a 
liquid sample (5 ml) was pipetted from test solution for comparison. After the filtration 
the reaction vessel was rinsed with H2O and stripped with 1M HNO3. The washing 
procedure is described in more detail in Section 2.6. The uranium concentrations of all 
four - solution sample, filtrate, rinsing and stripping solutions - were analysed with 
ICP-MS. The results are given in Tables A1 and A2 in Appendix 1. 

During the test periods in NaHCO3 solution, the uranium remained mainly in the 
solution. After the filtrations, most of it was still found in the filtrate solutions. The 
washing solutions contained only minor amounts of uranium (see Figure 12). 

However, in the tests in NaCl solution, the uranium concentrations found in the 
unfiltered samples and filtrates differed more. The concentrations in the filtrates were 8 
to 65 % of the concentrations in the unfiltered samples. Also the amounts of uranium in 
the rinsing and stripping solutions were much higher than in the case of the NaHCO3 
solution (see Figure 12).  

In both cases, the amount of uranium in the acid stripping solution was higher than in 
the water wash. These results suggest that a strong sorption of uranium complexes or 
colloids on the walls of the tests vessel occurs.  

In NaCl solution, the first tests of 7 and 34 days revealed that the final uranium 
concentration in the filtrate was substantially lower (96 % lower) than the initial 
concentration (4.2·10-7 mol/l). This result indicates that most of the uranium remained 
on the filter or vessel walls. The results of the ESEM analysis were consistent with this 
observation. The analysis of the 4-week test period showed the most intensive uranium 
peaks for the material on the filter membrane (see Section 3.5). However, the 
concentration of U in the filtrates increased until 66 days and stabilized afterwards.  
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Figure 12. Uranium concentration in different fractions in 0.002 M NaHCO3 and in 
0.01 M NaCl test solutions after the addition of Fe(II) as a function of time. The results 
are for batch tests with different duration. 



 25

Figure 13 gives an example of the differences of uranium concentrations found in 
separate fractions in the two test solutions. The concentrations of uranium measured in 
the unfiltered and filtered samples were almost equal in the 0.002 M NaHCO3 solutions 
at the end of the tests. In the 0.01 M NaCl solutions, there was a clear difference 
between the unfiltered samples and the filtrates. Also the uranium concentrations in the 
rinsing and stripping solutions were relatively high, which is in agreement with the 
results of the batch tests in Figures 9 and 10, and shows precipitation of U to occur.  
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Figure 13. Uranium concentrations in different fractions after 8 weeks’ reaction period. 
 

3.5 ESEM-EDS analyses 

The first ESEM-EDS analyses were performed for solid material recovered on the filters 
after the filtrations of the test solutions of 4 weeks. The target was to obtain SEM 
images and elemental maps of the material on the filter membranes. The elemental 
mappings did not succeed as well as was thought, and thus also some point analyses 
were done for the material on the filter. 

After the 4-week test period in NaCl solution, the ESEM images of the filter membrane 
showed small grain-like aggregates on the filter (see Figure 14). With longer reaction 
periods, the aggregates disappeared and slightly larger particles were seen on the filter. 
However, they were much sparser than and not as rich in uranium as the small 
aggregates.  

Afterwards, a new test in NaCl solution was performed to see if there was any 
formation of solid material in this test solution after a 1-week reaction time. The ESEM 
image of the material on the filter membrane showed that there were small aggregates 
just one week after the Fe(II) addition (see Figure 15). 
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Figure 14. ESEM images of the solid material after 4 weeks’ reaction period with 
Fe(II) in 0.01 M NaCl solution; 300x (left) and 2000x (right) magnifications. 
 

 
Figure 15. ESEM image of the solid material after 1 week reaction period with Fe(II) in 
0.01 M NaCl, 2000x magnification. 
 

Elemental mappings 

There were some difficulties to obtain elemental maps of the filter membranes with 
ESEM-EDS. The analysis requires that the sample remains still during the scanning, 
which takes 10 to 20 minutes. However, the surface of the filter membrane tended to 
curl up or break after the filtration and during the measurement. These phenomena 
probably occurred owing to the changes in moisture and pressure.   

The elemental mapping succeeded only for the solid sample after the 4-week test in 
NaCl solution. All the maps are shown in Appendix 2. The high amounts of carbon and 
oxygen mainly originated from the organic surface of the filter membrane. The uranium 
map is quite rich in uranium and shows clearly some points in which uranium is 
enriched. The iron map shows also increased levels of iron, but not as high as uranium. 
Also the distribution of iron seems to be quite uniform.  
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Point analyses (quantitative analysis) 

Because of the difficulties in elemental mappings, some point analyses were done for 
selected points on the filters. Particles that seemed to contain precipitated or colloidal 
material were selected as targets of the analysis. 

Clear peaks for uranium were detected only for the sample that was filtered from the 
test in 0.01 M NaCl solution. The intensities of the uranium peaks were highest in the 
first point analysis after the 4-week reaction period (see Table 5). The peaks tended to 
decrease as the reaction time with Fe(II) increased. In the last analysis, after the test of 
16 weeks, uranium was hardly detected on the filter. This is in agreement with the U 
amounts found in the filtrates (Figure 12). The U concentration in the filtrates increased 
as the test duration increased. 

The particles on the filters after the tests in NaHCO3 solutions contained only a hint of 
uranium (Table 5). However, some iron was found from these particles. The results of 
the batch tests in NaHCO3 solution also suggested the formation of Fe(III) precipitates 
(see Figure 10). Figure 16 shows examples of the measured spectra for selected particles 
after the 4-week tests in 0.002 M NaHCO3 and in 0.01 M NaCl solutions. 

 

Table 5. Weight percentages for U and Fe on filters measured with ESEM-EDS. 
 
 0.01 M NaCl 

 
0.002 M NaHCO3 

  
Time 

(weeks) 
U  

Weight %  
Fe  

Weight % 
U  

Weight %
Fe 

Weight %  
4 19 - 25 2.1 - 3.8 0 - 0.3 0.8 - 5.9 
8 0.9 - 2.7 0.8 - 2.1 0 0.9 - 4.3 
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Figure 16. Measured ESEM-EDS spectra for selected particles on filters of A) 0.002 M 
NaHCO3 and B) 0.01 M NaCl test solutions after the 4-week reaction period. (The 
spectrum A was scaled to same level with spectrum B. There were 16454 full scale 
counts in original spectrum A, thus the peaks for O and C are only partially seen in 
here.) 
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4 CONCLUSIONS  

The interaction tests between U(VI) and Fe(II) in 0.01 M NaCl solution suggest the 
reduction of U(VI) to U(IV) to occur, which is followed by the precipitation of U(IV) 
from the solution. In this solution, the dominant species of hexavalent U are hydroxide 
complexes. The uranium concentration decreased within one week after the addition of 
Fe(II) from 6 · 10-8 to 1 · 10-8 mol/l. With longer reaction periods the uranium 
concentration increased slightly and then seemed to stabilize. The Fe(II) content 
decreased in the first two periods of short duration and there was a decreasing trend also 
in the longer reaction periods. The pH of the solution decreased to 6.5 from the initial 
value of 8.3, apparently due in part to the U(IV) hydroxide complexation. The 
differences between the U concentrations measured in the unfiltered, micro- and 
ultrafiltered samples showed the presence of precipitates (and colloids) in the solution. 
The U found on the walls of the test vessel and in the rinse solutions at the end of the 
reactions periods showed that strong U sorption and precipitation had occurred, 
especially in NaCl solution. The ESEM-EDS analyses of the solid material on the filter 
after the 4 week reaction time revealed grain-like aggregates which were rich in U. 

The oxidation state analyses showed that the considerable proportion of U in the NaCl 
solution remained at the hexavalent state. The amount of U(VI) did not decrease as a 
function of reaction time after the initial rapid decrease. Measurable concentrations of U 
were found in the U(IV) fractions of the unfiltered samples from the test solutions after 
3 and 6 weeks reaction time. The presence of U(IV) in the solutions indicates that some 
reduction occurs. 

The reactions in 0.002 M NaHCO3 solution, where the dominant complexes of uranium 
are carbonate complexes, seemed to be much slower. The U concentration in solution 
decreased slightly in the test periods longer than 50 days. In the fraction analyses, most 
of the U was found in the filtrates. However, some U was found in the U(IV) fractions 
of the unfiltered samples from the test solutions after 3 and 6 weeks’ reaction time, 
which suggests the presence of U(IV) also in these solutions. The Fe(II) in solution 
decreased during the reaction periods. The differences in measured total Fe and Fe(II) 
concentrations suggest the precipitation of Fe(III) species to occur in the tests.  

Previous reduction tests in NaCl solution with and without carbonate indicated that the 
reduction of uranyl complexes took place in both solutions containing metallic iron 
(Butorin et al. 2003). 
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APPENDICES 

APPENDIX 1. Results of fraction analyses 
 
Table A1. Uranium concentration in fractions of 0.002 M NaHCO3 test solutions  

Time Unfiltered Filtered H2O rinse HNO3 strip SUM 
(d) (mol/l) (mol/l) (mol/l) (mol/l) (mol/l) 
32 3.2E-07 3.2E-07 5.8E-10 1.9E-08 3.4E-07 
42 4.3E-07 4.1E-07 1.0E-10 1.3E-09 4.1E-07 
45 4.2E-07 3.9E-07 9.4E-11 1.1E-09 3.9E-07 
118 3.4E-07 3.5E-07 3.0E-10 1.7E-09 3.6E-07 

 

Table A2. Uranium concentration in fractions of 0.01 M NaCl test solutions. 

Time Unfiltered Filtered H2O rinse HNO3 strip SUM 
(d) (mol/l) (mol/l) (mol/l) (mol/l) (mol/l) 
7 1.7E-07 1.3E-08 1.1E-09 6.6E-08 8.0E-08 
34 1.1E-07 1.8E-08 3.7E-09 1.1E-07 1.4E-07 
66 3.3E-07 1.5E-07 5.8E-09 6.4E-08 2.2E-07 
66 3.0E-07 1.9E-07 1.1E-08 9.0E-08 3.0E-07 
118 2.1E-07 1.1E-07 7.9E-09 7.4E-08 2.0E-07 
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APPENDIX 2. Elemental mapping with ESEM-EDS (filter of 4 weeks 0.01 M NaCl 
test solution) 
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Data Type: Weight %    Mag: 300    Acc. Voltage: 20.0 kV 

 


