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Abstract 

'TWs report describes the work performed from September 
•*- 1991 to december 1992. Our work is focused on the 
chemistry of uranium in highly saline solution. Experiments 
were performed to study the formation process and the 
stability of solid phases of L'(VI) in NaCI solution at different 
ionic strength. The characterization of solid phases and of 
uranium concentration in solution are reported as a function 
of time. Experiments in NaCI04 at low concentration have 
been performed for comparison. A method is proposed for 
uranium analyses in highly concentrated salt solution. The 
work has been carried out in KfK(INE), Germany. 
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1. introduction 

For the assessment of the performance of the spent 
fuel directly disposed in a salt repository we need to 
predict the long-term reaction of the spent fuel with 
saline waters. Spent fuel disolution will eventually 
lend to radionuclide transport out of the repository. 
Parameters such as pH, temperature, redox condi
tions, pressure, brine radiolysis, etc. influence 
dissolution behaviour, the formation of secondary 
phases, and the mobility of radionuclides. Under 
oxidizing conditions typical secondary phases are 
schoepitc. sodium uranates, etc. Thermodynamic 
models can contribute to predict the formation of 
these phases in the course of the long-term spent 
fuel/water reaction in a nuclear waste repository. The 
accuracy of such predictions depends on the quality 
of the thermodynamic data used, which is quite 
limited at high ionic strength. 

We have focused our studies on the chemistry of 
uranium in highly saline solution, this include 
solution chemistry and investigation of secondary 
phase formation. 

Recently the current knowledge on the chemical 
thermodynamics of uranium in aqueous solution was 
critically reviewed by the NEA/OECD (Wanner, 
Forest, 1992). In contrast to the perchlorate media 
very little is known on uranium chemistry in chloride 
media, in particular for ionic strength values higher 

than 3. Data are not sufficient to allow prediction of 
stability constant for ionic strength higher than 3. 
Solubility products are only known for ideal solid 
phases. For example the effect of crystallinity and 
ionic strength on schoepite solubility are not 
understood, and no thermodynamic data are available 
for the various Na-uranate solid phases which could 
precipitate at pH values higher than 7. 

Presently we report on the establishment of 
solid-liquid phase equilibria for U(VI) in NaCl 
solutions at different pH values (between 4 and 7). 
Solid phases formed from oversaturated solutions 
were characterized and compared with the phases 
precipitated in NaClOa solutions under the same 
experimental conditions. An extraction method has 
been developed for the uranium analyses in highly 
concentrated saline solution. 2. PRECIPITATION 
STUDIES IN THE SYSTEM U(Vl)-Cl-Na-H20 

The precipitation process was initiated by adding 
sufficient UO2CI2 solution to the selected • salt 
solution. Aqueous and solid samples were analyzed 
at various experimental time. The experiments were 
terminated after achievement of equilibrium. We 
have considered as equilibrium criteria that the 
solution concentration of uranium remains constant 
during some month. 
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2. Experimental Method 

The precipitation process was initiated by adding 
sufficient UO2CL2 solution to the selected salt 
solution. Aqueous and solid samples were analyzed 
at various experimental time. The experiments were 
terminated after achievement of equilibrium. We 
have considered as aquilibrium criteria that the 
solution concentration of uranium remains constant 
during some month. 

2.1 Experimental Method 

Selected salt solution (NaCl: 5 mol-kg"1, or 3 
mol-kg"1; NaClOa: 0.5 mol-kg"1) were titrated with 
0.01 mol l'1 UO:Cb solution, at constant pH values of 
4.8±0.1 and 5.7±0.1. We report on as measured pH 
values, not corrected for liquid junction potential. 
The pH of the solution was measured daily using a 
Ross electrode. The precipitation reaction resulted in 
an acidificaton of the solution. To keep the pH 
constant, NaOH (0.1 mol-kg'1) had to be added for 
some weeks. 

Thereafter the precipitation process slowed down 
and no further addition of NaOH was necessary. 
Then the pH was monitored weekly. Experiments 
were kept free of carbonate by bubbling inert gas 
through the solution. Initial uranium concentrations 
in solution were about 10'3 mol l'1. Dilution of the 
salt solution by addition of the UO2CI2 solution was 
compensated by adding appropriate amount of 
NaCl(s) or NaClQKs). The temperature was 25±0.2 
°C. The experimental conditions are summarized in 
Table 2.1. 

Samples of the aqueous suspension of the 
precipitate were taken in certain time intervals. To 
study colloid formation the samples were filtered by 
two different types of membranes, 0.2 um and 18 A 
(ultrafiltration). 

The solution samples were analyzed for uranium 
by photospectroscopy, ICP/AES or fluorimetry 
(Scintrex), and the solid samples were characterized 
by SEM-EDS and XPD. The method of uranium 
analyses in salt solution is described in chapter 3. 

In the experiments denoted S-l and S-2 (see Table 
2.1) we attempted to achieve COi-free conditions by 
continuously bubbling inert gas. However, it was 
found that the inert gas stream was discontinued for 
some days. This has resulted in some CO2 conta
mination of the solution. 

The other experiments (see Table 2.1) were 
performed by bubbling inert gas (Ar) only during 
addition of UO2CI2 solution, afterwards the reaction 
vessels were sealed. For pH control and for taking 

samples the vessels were opened under Ar 
atmosphere, thereafter the vessels were sealed again. 

2.2 Reagents 
All the reagents used were from Merck (P.A. 

quality). The concentration of NaCl and NaClO.» 
solutions were determined gravimetrically before 
starting the experiments and at test termination. 

Preparation of uranyl chloride, 
UÜ2CI2, solution 

The solution was prepared using the method 
proposed by Prins, 1973, which includes the 
following steps: 

• Precipitation of UO:(OH)2xH20 from a solu
tion of U02(NO3)2(aq) by the addition of 
NaOH at pH 

• Phases separation by centrifugation 
• Washing the solid UO:(0H)2xH2O to remove 

impurities of NO3 and Na ions 
• Determination of the uranium content per gram 

solid 
• Dissolution of the solid in a stoichiometric 

amount of hydrochloric acid, HC1 
The UO2CI2 solution was analyzed for uranium by 

three different techniques: gravimetry, inductively 
coupled plasma/atomic emission spectrometry (ICP/-
AES), and photospectroscopy; for Na by ICP/AES, 
and for CI and NO? by ion chromatogra- phy. The 
analyses indicated no presence of impu rities. 

2.3 Results and Discussion 
The precipitating process is investigated by 

studying the dependence of total uranium concen
tration in solution with time. The measured pH 
values are given in Table 2.1, corrections for liquid 
junction potential, and activity coefficients are not 
considered in the Figures, but corrected values are 
included in Table 2.1. Filtrated samples are denoted 
"S" and ultrafiltrated samples are denoted "US". 

We observed that the precipitation behaviour at pH 
4.8 was quite different from that at pH 5.7. As the 
solubility of most U(VI) containing solid phases is 
higher at the lower pH values, for a given initial 
concentration of uranium the solution at pH=4.8 is 
expected to be less oversaturated than at pH 5.7. The 
precipitation process started immediately at pH 5.7, 
but it took 20 days before precipitation started at pH 
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2. Experimental Method 

4.8. A plot of total uranium concentration versus time 
(Figures 2.1 to 2.3) indicates a slow nucleation 
process at pH 4.8. 

For 5 molkg"1 NaCl (Figures 2.1a and 2.1b) the 
experimental results are strongly influenced by the 
method of controlling anaerobe (CCh-free) condi
tions. The results in Figure 2.1a show the evolution 
of the uranium concentration with time for conditions 
where contamination by CO2 was not completely 
excluded. Figure 2.1b shows respective results 
obtained after effectively sealing the reaction vessels. 
When comparing the results of these two sets of 
experiments for a given pH it can be seen that the 
concentration of uranium in solution were much 
higher in presence of CO2 contamination than after 
effectively sealing. 

Equilibrium was not reached after 70 days at pH 
4.8. X-ray patterns for the respective solid phases are 
shown in Figures 2.8 and 2.9. The same solid phase 
has been formed. We conclude that the high uranium 
concentrations were caused by formation of uranyl 
carbonate complexes. Conse- quently, only the data 
of well sealed experiments are used in the further 
evaluation of the data. 

Equilibrium data for the experiments S-5 to S-10 
are summarized in Table 2.2.These values show 
concentrations about one to two order of magnitude 
higher at pH 4.8 than at pH 5.7. Figure 2.1 to 2.3 
show that the uranium concentration values obtained 
in the two filtration steps are similar. Differences are 
in most cases within the analytical uncertainty. We 
conclude that colloid formation does not contribute 
significantly to total uranium in solution. 

The precipitation process may also be discussed by 
studing the acidification of the solution. In 5 mol-kg'1 

NaCl solution during 25 days addition of NaOH was 
needed for keeping constant pH value at pH 4.8, 
whereas NaOH addition was only necessary during 7 
days at pH 5.7. Figure 2.1b shows that in absence of 
CO2, constant solution concentration of uranium 
were reached after 30 (pH 5.7) and 50 days (pH 4.8) 
respectively. 

The acidification process in 3 mol-kg"1 NaCl 
solution was the same as in 5 mol-kg"1 NaCl solution. 
Equilibrium has been reached after 60 days (Figure 
2.2), some days earlier NaOH addition was not 
needed any more. In 0.5 mol-kg"1 NaClC>4 (Figure 
2.3) at pH 4.8 the acidification of the solution by the 
precipitation process took 30 days and the uranium 
concentration was constant after 50 days. For the 

experiment at pH 6.4, it was after 40 days (no 
addition of NaOH) and after 60 days (constant 
uranium concentration). We conclude that the 
equilibrium process has a general trend, which is not 
depending of the system considered. Once that 
NaOH addition was not necessary for keeping 
constant pH, some days more are needed for 
obtaining constant uranium concentrations. 

The solid phase characterization has been 
performed by SEM-EDS and XPD. A crystalline 
yellow phase has been fonned under all conditions. 
The results from SEM-EDS are shown in Figures 2.4 
and 2.5 for the solid formed in NaCl 3 mol-kg"1 and 5 
molkg*1, and in Figure 2.6for the phase precipitated 
in 0.5 mol-kg'1 NaC104. The XPD patterns are shown 
in Figures 2.7 to 2.10. 

SEM analyses show that the morphology is similar 
for the solid phases formed at the different ionic 
strength and ionic media considered. The morpholo
gy observed (Figures 2.4 to 2.6), in general, is similar 
that of schoepite (Deliens et al., 1981, Finch et al, 
1990). Minor morphological changes were observed 
as a function of time, which could indicate a decrease 
in crystallinity, but this was not confirmed by XPD 
analyses. 

With respect to elements detectable by SEM-EDS 
the precipitated contained only uranium, hence the 
fonned phases were free of chloride and sodium 
uranates were absent. 

The XPD patterns from the solid formed in 3 
molkg'1 NaCl solution are shown in Figure 2.7 as a 
function of time. The results indicate that no 
transformation in the solid phase has occurred, only 
slow increase in crystalliniry with time has been 
observed. 

Figures 2.8 and 2.9 show the XPD patterns from 
the phases formed in 5 molkg"1 NaCl solution, at pH 
4.8 and 5.7. The XPD patterns are similar at the two 
pH values, and are similar those in 3 mol-kg'1 NaCl 
solution (Figure 2.7). Hence the same phase has been 
formed. No transformation with time was detected. 

In general, our XPD pattern resemble a schoepite 
like phase. Schoepite is described in the literature as 
an orthorhombic phase. The crystalline structure 
consists of UOi(OH)2 layers parallel to (001), the 
water of hydration is in interlayer position (Chirst 
and Clark, (1960), and Dawson, (1956)). 

The comparison between our XPD-data and the 
published pattern in the system U(VI)-H20 (JPCDS, 
1992) did not show a perfect agreement for any 
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2, Experimental Method 

phase. The reason is that XPD-pattern strongly vary 
as a function of crystallinity, water content and 
formation conditions. The pattern from our solid and 
the published patterns of schoepite (JCPDS, 1992) 
can be correlated by considering the water content of 
the solid phase. 

Chirst and Clark, (1960), and Dawson, (1956) 
proposed that small differences in the cell parameters 
and intensity ratio are correlated to the loss of 
interlayer water in excess of that needed to form 
UOa(OH)2 layers in the schoepite (U02(OH)2-H20). 
If the additional water contribute to binding of the 
layers, then a loss of water would lead to an increase 
in c. 

In contrast to the phases formed in NaCl solution 
the XPD pattern (Figure 2.10) of the solid formed in 
0.5 mol-kg'1 NaClCM resemble the pattern for schoe
pite given in the literature (Debets and Loopstra, 
1963; Crist and Clark, 1960; Kramer-Schabel et al., 
1992). The differences of the solid phase in NaCl so
lution as oposed to NaClCM (Figures 2.7 to 2.9) can 
result from a lower water content in the solid phase. 
These results will be compared with results from 
other techniques such as TG, DTG. 

2.4 Summary 
The solids formed under all the experimental 

conditions considered are free of Na or CI, indicating 
that Na-uranates and/or chlorides are not stable solid 
phases or their formation is kinetically inhibited. 

The same solid phase has been obtained in 3 and 5 
mol-kg"1 NaCl solutions. This phase show some 
differences to the solid formed in NaClÜ4 0.5 
rnol-kg"1. These discrepancies may be rationalized 
described by the water content of the solid formed. 

The precipitation process show a slow nucleation 
step at pH 4.8. The total uranium concentration in 
solution is truely dissolved and colloid formation 
does not contribute significantly to total uranium in 
solution. 

The uranium concentration in solution from 
experiment in 5 mol-kg"1 NaCl solution are strongly 
influenced by carbonate complexes formation. 

The uranium equilibrium concentrations in 
solution were reached about 20 days later than 
acidification of the solution was not anymore 
detectable. The concentrations were about one to two 
order of magnitude higher at pH 4.8 than at pH 5.7. 
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3. Analytical Techniques and Samples Preparation 

Methods for preparing and analyzing solid and 
solution samples are described in the literature. In 
particular we developed and tested a method for 
uranium analyses from saline solutions, since 
analytical techniques for the determination of low 
concentration of uranium in highly saline solution are 
not available. 

3.1 Preparation and Analyses 
of Solid Samples 

The solid phases have been obtained by filtration of 
the aqueous suspension with membranes (pore size 
0.2 jlm). The solid retained on the membrane was 
cleaned by 60 ml of pure water to remove the 
adhering NaCl solution from the sample. The 
precipitates were dried in a desiccator over silica gel 
during one day. 

For SEM-EDS analyses samples .vere placed on a 
carbon-coated holder. Afterwards the samples were 
sputtered with gold. The analyses were done by a 
scanning electron microscope with associated energy 
dispersive x-ray spectroscopy (SEM-EDS). 

Few mg of solid samples used for the XPD 
analyses were placed directly on a holder. Some of 
the samples were mixed with silicium powder (grain 
size 150^m) in a ratio of 1:1, in order to identify 
artifacts caused by the preparation method on the 
intensity ratios obtained in the XPD patterns. The 
XPD analyses were performed with a SIEMENS 
D-500 diffractometer by using a CuK radiation. 

3.2 Uranium Analyses in Highly 
Saline Solutions 

3.2.1 Extraction Method with 
ChelexlOO. 

The analyses of low concentration of uranium in 
solution is hampered by the presence of high 
concentrations of several mayor ions like Na, Mg or 
CI. Therefore, uranium is separated prior to analyze. 

Strachan et al., (1989) proposed a method based on 
using the NH4-form of a chelating resin, Chelex-100, 
to extracted transition metals and rare earth elements 
from high saline solutions. We have applied this 
method to 5 mol-kg"1 NaCl solutions and to brine 1 
and 2 (see Table 3.1), containing various uranium 
concentration. 

NaCl and brine solutions containing known 
quantities of U(VI) were prepared by addition well 

characterized aqueous uranium standard solution to 
the highly concentrated salt solution. All of reagents 
used were from Merck (P.A. quality). 

Extraction Procedure 

An aqueous suspension of the resin (Chelex-100) 
was prepared by using 0.2-0.25 g resin per ml of 
H20. 

The resin (Chelex-100,) was placed in polyethylene 
columns of 11 ml of total volume. The columns were 
loaded with 3 ml of the aqueous suspension of the 
resin. In order to load the resin with NH4+ ions as 
exchangeable ion, it was first washed with 10 ml of 
water, then with 15 ml of 2 moM"1 NH4OH and 
finally, washed again with 10 ml of water. 

The U(VI) containing saline solutions were diluted 
by volume with pure water in the proportion 1:2, to 
reduce the total salt concentration. 

The pH of the samples was adjusted to 5.2-5.5 by 
addition of NH3 and/or HC1. Then, 0.1 ml of 
ammonium acetate (8 moM'1) and 0.5 ml of Na2Si03 
(0.1 moll"1) were added as buffer. 

Once that the resin and the samples were prepared 
the following steps were performed: 

• 10 ml of a solution sample was added to a 
column. 

• The column was washed with 10 ml of water to 
remove remaining NaCl. 

• 40 ml of CH3COONH4 was added to the 
column to remove the rest of the alkali and 
alkali earth ions. This step is necessary when 
the salt solutions contain high concentrations 
of elements such as Mg+ . 

• The column was washed with 10 ml of water to 
remove the ammonium acetate. 

• Finally the uranium was eluted with 7 ml of 
HNO3 2.5 mol l"1, in steps of 1,1; and 5 ml. 

To ensure that all the uranium was completely 
eluted, from the column at the end of the separation 
process, the resin was eluated with additional 5 ml 
HNO3 2.5 mol-1'1. 

Various initial uranium concentrations were used. 
For each uranium concentration three columns were 
loaded in order to verify the reproducibility of the 
system. Due to the high sodium concentrations in the 
initial samples, it was not possible to analyze them 
directly by ICP. Therefore, the total uranium 
concentrations used to calculate the uranium re
covery and uranium loss are based on the nominal 
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3. Analytical Techniques and Samples Preparation 

U-content of the as prepared solutions. The eluatcs 
were analyzed by ICP/AES. 

Evaluation of Efficiency of Extraction 
Procedure 

NaCl solutions containing U(VI) 
Our initial results show very low recovery of the 

total uranium (40-60%). Therefore, following the 
same general procedure we try to find out step(s) 
where the uranium wrs lost. 

All the eluates were analyzed except the initial 
NaCl. 

The results from the analyses of the eluates are 
given in Table 3.2 together with the total initial 
uranium concentration and the corresponding balance 
for the recovered uranium in each sample. The 
uranium balance was calculated taking into account 
the uranium concentrations and the volumes of the 
various eluates. 

The recovery of uranium from each sample is 
shown in Table 3.3 along with the average values for 
eacli initial uranium concentration. 

Table 3.2 shows that in some cases the mayor loss 
of uranium occured in the second eluation step using 
water, (see column A). However, in most cases the 
uranium concentrations were lower than the detection 
limit (1 mg-1"1). The reason why 4 samples show high 
uranium concentrations in column A is not clear, 
may some air was included in the resin, leading to 
local variation in the flow rate of the samples and 
incomplete conditioning of the column. 

The extraction yields calculated from the sum of all 
eluates for each column (see Table 3.3) indicated a 
good retention of uranium in the resin. Extraction 
yield higher than 100% as well as lower than 90% 
may be attributed to the uncertainty in the ICP/AES 
analyses. To certain extent, this analytical problem is 
obviously more reflected in the samples with low 
uranium concentration, e.g., samples 2-0 to 2-2. 

Based on these results, we conclude that extraction 
method can be applied to analyze uranium in high 

concentrated NaCl solutions, provided that the resin 
is kept free of bubbles in any step of the extraction 
procedure. 

Uranium is completely eluted with 13 ml of HNO.i. 

Brine solutions containing U(VI) 
Table 3.4 shows the initial conditions, the recovery 

of uranium after the extraction and the extraction 
yields. Air bubbles were not detected in the resin. 
The uranium concentration of all eluates prior to 
HNO.i were lower than the detection limit, indicating 
that uranium was effectively retained on the column. 
In the HNO.i eluates more than 100% of uranium 
were found. Values higher than 100% may be 
attributed to the error in the uranium analyses. 

We conclude that this method can be applied in the 
analyses of uranium in brines. 

3.3 Comparison of Various Analytic 
Techniques Used for Uraniun 
Analyses 

Samples with uranium concentrations higher than I 
mg-1'1 were analyzed by photospectroscopy or 
ICP/AES. However, if the uranium concentration is 
lower than 1 mg-1"1 fluorimetry (Scintrex) has been 
used. The nominal detection limit for this method is 
0.05 (.tg-I'1. 

To study the consistency and uncertainty of the 
analyses we have compared these three analytical 
techniques. Two standard solutions have been used. 
One standard was an ICP/AES standard, the other 
was prepared by disolution of UOi(OH):(s) in diluted 
HNO3. The concentration in the later was determined 
gravimetrically by formation of U3O8. 

From the results (see Table 3.5) we conclude that 
the three techniques lead to reproducible values 
within ± 5% to 10% of accuracy. Larger uncertainties 
were found for photospectroscopy and Scintrex than 
for ICP/AES. 
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Tables 

Tabla 2.1 
Initial experimental conditions. 

SAMPLE 

S-1 

S-2 

' S-5 

NaCI 
mol • kg"1 

5.0 

5.0 

3.2 

NaCI04 

mol kg*1 

... 

... 

... 

Umolf1 

3.62 10'3 

3.26 10'3 

5.22 10"3 

pHexp 

4.8 

5.7 

4.8 

pHcorr 

5.55 

6.45 

5.2 

S-6 

S-7 

S-8 

S-9 

S-10 

3.2 

5.0 

5.0 

... 

... 

... 

... 

... 

0.5 

0.5 

5.15 10"3 

1.81 10"2 

7.65 10"3 

1.24 10'2 

8.31 10'3 

5.7 

4.8 

5.7 

4.8 

6.4 

6.1 

5.55 

6.45 

4.8 

6.4 

Table 2.2 
Uranium equilibrium concentration in solution. 

; Sample 

S-5 

S-6 

S-7 

S-8 

S-9 

S-10 

":--'
:-;-': U'niolkg^":-^ 

2.48 10'4 ±0.1 10'4 

1.9810"6 ±0.1 10"6 

4.99 10'5 ±0.4 10"5 

3.37 10'6 ±0.7 10'6 

5.22 10"5 ±0.1 10"5 

1.98 10'7 ±0.2 10'7 



Tables 

Table 3.1 
Brines composition (mol • kg'1). 

Brine 

Na 

K 

Mg 

Ca 

CI 

SO4 

Ionic strength 

1 

0.378 

0.967 

4.471 

... 

9.933 

0.177 

14.9 

• 2 :..", 

0.083 

0.022 

5.401 

0.316 

11.538 

0.0006 

17.3 

3 i...-,;-.;.;.'. 

6.036 

0.037 

0.018 

0.021 

6.036 

0.058 

6.2 

Table 3.2 
Mass balance (mg) of uranium in the various steps of the extraction procedure. 

Sample 

1-1 

1-2 

2-0 

2-1 

2-2 

3-0 

3-1 

3-2 

4-0 

4-1 

4-2 

5-0 

5-1 

5-2 

. • ' ; • " . . . ' u " ' • ' • . " . 

8.12 

8.12 

15.02 

15.02 

15.02 

22.80 

22.80 

22.80 

30.10 

30.10 

30.10 

39.10 

39.10 

39.10 

^ ' \ ; 'D / . ' T : 

*DL 

DL 

DL 

DL 

DL 

DL 

DL 

DL 

DL 

DL 

DL 

DL 

DL 

DL 

:''";V';'i:'..Ai:-::'i':': 

2.10 

DL 

1.03 

1.19 

DL 

10.30 

DL 

2.23 

12.84 

DL 

DL 

15.88 

DL 

12.61 

• • " T G : " - ^ 

6.03 

8.42 

15.51 

17.17 

15.61 

10.43 

21.74 

19.87 

14.08 

26.80 

32.68 

20.66 

38.09 

24.28 

'J::'v:jf3J 

DL 

DL 

DL 

DL 

DL 

DL 

DL 

DL 

DL 

2.25 

DL 

1.01 

1.68 

DL 

Wmff% 
8.13 

8.42 

16.54 

18.36 

15.61 

20.73 

21.74 

22.10 

26.92 

26.80 

32.68 

37.55 

39.77 

36.89 

DL: values lower than the detection limit of ICP/AES (1 mg) 

U: Initial solution + first H2O eluate G: first HNO3 eluate 
D: CHzCOONHn solution H: second HNO3 eluate 
A: second H2O eluate Lka\: Total uranium recovered 
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Tables 

Table 3.3 
Recovery of uranium extracted ¡rom solutions resulting from the experiments in 5 molkg"1 NaCI. 

Sample 

1-1 

1-2 

2-0 

2-1 

2-2 

3-0 

3-1 

3-2 

4-0 

4-1 

4-2 

5-0 

5-1 

5-2 

%Eyield 

100.12 

103.69 

110.11 

122.24 

103.93 

90.92 

95.35 

96.93 

89.43 

89.03 

108.58 

96.04 

101.71 

94.35 

%EavBr yield 

• 
101.9 ±2,5 

112.1 ±7.6 

94.4 + 3.1 

95.7 ±11.2 

97.4 ±3.1 

%E: extraction yield (%) 
%Eave." average values of extraction yield (%) 

Table 3.4 
Uranium recovery in the experiments in brine 2 and brine 3 

Sample 

SFNB-0 

SFNB-1 

SFNB-4 

SFNB-5 

SFNB-6 

Brine 

3 

3 

2 

2 

2 

initial U(mg) 

3.47 

0.381 

0.87 

0.92 

0.35 

final U(mg) 

3.55 ±0 .1 

0.42 ±0.006 

0.95 ±0.02 

0.96 ±0.002 

0.39 ±0.007 

% yield 

106.0 

109.9 

109.2 

104.9 

101.8 

%Eave. = 106.4± 3 
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Tables 

Table 3.5 
Comparison of the analytic techniques. 

Method 

Photospectroscopy 

Phot.ave. 

Scintrex 

SCin.ave. 

ICP/AES 

ICPave. 

Gravimetric 
Standard 
3.03 1Q"3 

(mg-r1) 

4.02 
3.46 
3.49 

3.66 + 0.3 

3:337 
3.292 
2.235 

3.29 + 0.04 

Standard-ICP 
34.89 
(mg-r1) 

30.73 
33.22 
33.10 

32.35 ±1.1 

37.95 
37.60 
36.14 

37.23 + 0.8 

33.31 
33.17 
33.22 

.... 
33.22 + 0.02 
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Figure 2.1.a) 
Total uranium concentration vs. time (5 mol • kg'1 NaCl), at pH4.8 (S-1/US-1) and pH 5.7 (S-2/US-2). 

S: filtrated samples (0.2 urn); US: ultrafiltrated samples (18 Á). 
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Figure 2.1 .b) 
Total uranium concentration vs. time (5 mol • kg'1), at pH 4.8 (S-7/US-7) and pH 5.7 (S-8/US-8). 

S: filtrated samples (0.2 urn); US: ultrafiltrated samples (18 A). 
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Figures 

Figure 2.4 
Solid formed in 3 mol • kg'1 NaCI. 

SEM Images. 

Figure 2.4.a (x 1000) 

Figure 2.4.b (X3000) 
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Figures 

Figure 2.5 
Solid formed in 5 mol • kg'1 NaCI. 

SEM Images. 

25KU t l 0 0 @ | ^ 3 7 9 ^ 10#Ü-'I|7Ew 

Figure 2.5.a (X1O00) 

Figure 2.5.b (X3O00) 
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Figures 

Figure 2.6 
Solid formed in 0.5 mol • kg'1 NaCI. 

SEM Images. 
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Figure 2.6.a (x 1000) 

Figure 2.6.b (x 3000) 
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Figure 2.7 

XPD pattern from the solids formed in 3 mol • kg"1 NaCI at pH 4.8, at three times. 
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Figure 2.8 
XPD pattern of the solids formed in 5 molkg'1 for the experiments S-1 and S-2, at 50 days., 
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Figure 2.9 
XPD pattern of the solids formed in 5 mol kg-1 for the experiments S-7 and S-8, at 50 days. 
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Figure 2.10 
XPD pattern of the solid formed in 0.5 mol kg-1 NaCI04, at pH 4.8, at 50 days. 
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