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Abstract – The unique composition of the Yucca Mountain repository site, which contains large concentrations of 
silicate in an oxidative environment, has required extensive research into compound formation involving uranium and 
iron(II) under such conditions.  The possibility of uranium leakage from within the containment vessels into the near-
field ground water, as well as iron leaching from the vessel itself, necessitates study of the individual contributions of 

these elements for compound formation.  By mimicking the known silicate concentration found in surrounding 
ground water and varying concentrations of both uranyl and iron(II), subsequent precipitation of uranyl silicate 

phases has shown evidence of iron(II) sorption to the available sites on the mineral surface.  The mineralization seems 
to be driven by the formation of uranyl silicate, in contrast to iron(III)-control of precipitation in the oxidated system.  
Characterization of this system presented includes ICP-AES analysis as well as preliminary EDAX, XRD, and FT-IR 

data. 
 
I. INTRODUCTION 

With the development of the Yucca Mountain 
repository, concerns continue to abound as to the 
manageability of waste containment within the repository.  
For effective waste containment to be achieved in the 
event of an accidental release, the intricacies of the 
interactions between the most prevalent ions that are 
present in nearby groundwater must be evaluated.  Similar 
studies involving UO2 under the anoxic conditions of 
European waste repositories [1] have been performed; 
however the unique oxidative conditions of the Yucca 
Mountain site require additional investigations.   

The elements used in this study have a direct 
correlation to the most likely involved substances found 
in the Yucca Mountain area ground water in order to 
mimic these conditions.  Uranium, which originates from 
the leaked waste, silicon, which exists extensively in the 
area, and iron, which can bleed from failed waste 
containers, are being examined in varying stoichiometric 
ratios, as well as in a range of pH in order to imitate 
conditions that would be present should near-field 
contamination occur.  While iron(II) is being scrutinized 
in this study, colleagues are examining the other oxidation 
state of iron in order to compare the effect of valence on 
residual product formation.  Final product modeling of the 
interactions between these elements will aid in 
identification of material formed under existing 
conditions.   

II. WORK DESCRIPTION  

Both uranium and silicon are maintained at the 
highest possible oxidation state due to the oxidizing 

nature of the repository environment.  Specifically, uranyl 
nitrate, sodium metasilicate, and ferrous chloride were 
chosen for their elevated solubility in water.  The solid 
precipitates formed in these solutions are examined to 
evaluate the constituents in order to reveal the compounds 
formed at a specific pH and stoichiometric ratio, 
including evidence of co-precipitation and sorption on the 
solid surface.   

II.A. Titration 

The evaluated solutions each contain silicon at 1 mM 
concentrations after dilution to 30 mL with de-ionized 
water with U(VI) and Fe(II) concentrations varied from 
0.5 to 5 mM.  Silicon concentration was maintained at 1 
mM in order to imitate silicon concentrations in 
groundwater nearest to theYucca Mountain site.  The 
initial pH measurement for all solutions was adjusted to 
be between 1.93 and 2.00 with addition of aliquots of 1 M 
nitric acid, thus leaving all solutions colorless.  After each 
addition of 0.1 M NaOH, the solution was allowed to 
equilibrate for 5 minutes before the pH measurement was 
taken.  Actual volumes added to the solution varied 
depending on the fluctuation of pH.   

II.B. Precipitation 

The second phase of this work involved the 
precipitation and evaluation of solids that formed as a 
condition of solution concentrations, elemental 
composition, and pH.  Individual evaluations of the afore 
mentioned constituents were conducted along with the 
exploration of combinatorial effects.  For all evaluations 
aliquots of the individual stock solutions were added to 
water whose pH had been adjusted with either nitric acid 



or sodium hydroxide solutions to a pH ranging from 2.00 
to 12.00 by increments of 1.00.  Although the mixing of 
the aliquots with the water will affect the pH of the 
solution, this is justified by premise of the evaluation; the 
premise being that these constituents will be in solution 
until encountering ground water and therefore altering the 
pH upon this interaction.  For the individual evaluations, 
the solution aliquots and amount of water added were 
measured in order to maintain a 1 mM initial 
concentration.  Preliminary combinatorial effects were 
examined at the following concentrations:  1:1 mM U:Si, 
5:1 mM U:Si, 1:1 mM U:Fe(II), and 1:1:1 mM 
U:Fe(II):Si.  The evaluations pertaining to these samples 
were done using an ICP-AES to quantitatively measure 
the remaining constituent concentrations in solution after 
precipitation had occurred.  In order to avoid emission 
line interferences and obtain adequate intensities, the 
following wavelengths were used to examine their 
respective elements:  U at 409.014 nm, Fe at 259.941 and 
238.204 nm, and Si at 212.412 nm.  All solutions were 
allowed at least 24 hours to precipitate, with the mother 
liquor being decanted before measurement.   

III. RESULTS 

Those solutions containing U(VI) have a first 
inflection point in the titration curve at a range of 4.36 to 
4.56.  This region also corresponds with the appearance of 
an orange to yellow color in the solution as well as an 
initial fluctuation of measured pH.  This event does not 
occur in the absence of U(VI).  With silicate only or 
silicate and iron(II), the first inflection does not appear 
until pH 6.43-6.46 with little buffering, while the solution 
containing only Fe(II) has the first inflection at 6.06 with 
a significant amount of buffering observed.  These 
inflections are not evident when the solutions contain 
U(VI), but instead this inflection is suppressed to a pH 
range of 5.66 to 5.84 with silicate present, but raised to 
6.20 with Fe(II) being present without silicate.  The pH 
range at which a precipitate forms in all solutions is from 
4.73 to 6.09 with color varying between yellow, orange, 
brown and green.  The orange and brown colors are only 
observed in the presence of Fe(II) in solution, with green 
attributed to U(VI) from the observance in both the 
uranium only and uranium and iron only solutions.  
Solutions containing silicate alone shows no color or 
precipitation at any pH at this concentration. 

Studies exploring the interaction of uranium(VI) at 1 
mM in samples at various pH have resulted in 
confirmation that all uranium remains in solution at this 
low concentration.  This has been observed both visually, 
as no precipitation had occurred, as well as through ICP-
AES analysis.  The same has been observed with silicate 
under these same conditions.  However, samples 
involving dissolved FeCl2 at a concentration of 1 mM 

have demonstrated that all iron(II) remains in solution at 
lower pH.  Once this iron(II) solution reaches a pH 
approaching 5.00, a distinctive orange-yellow color is 
apparent.  Continuing above this pH, the color remains, 
indicating remainder of iron(II) in solution even at a pH 
of 12.  This result was also confirmed by ICP-AES.  
When the initial concentration of Fe(II) is 1 mM, the 
concentration remaining in solution, even at a rather high 
pH, is on average 0.41 mM.  This differs greatly from the 
behavior exhibited by solutions containing Fe(II) with 
dissolved U(VI).  Interactions of these species with 
solutions any greater than a pH of 5.00 result in complete 
precipitation of all Fe(II) as well as U(VI).   

Evaluation of solutions containing 1:1 mM U:Si and 
5:1 mM U:Si has shown a decrease of both species scaled 
to the initial concentration.  No color or precipitation 
occurs at a pH below 5.00.  Upon reaching this point a 
pale yellow color is apparent, as a light yellow 
precipitation is observed.  The rate of precipitation is 
equal in solutions containing 1 mM of each constituent, 
but the rate of precipitation of uranium is 5 times that of 
silicon when the initial concentration of uranium is 5 mM 
and silicon remains at 1mM.   

 
TABLE I.  A table titration data showing the pH of the 
first and second inflection points, and pH of initial 
precipitation. 
 

[U] 
(mM) 

[Fe(II)] 
(mM) 

[Si] 
(mM) 

1st 
inflection 

2nd 
inflection 

pH of 
Initial 
Ppt. 

1 0 0 4.36 5.84 n/a 
0 1 0 6.06 n/a 5.51 
0 0 1 6.46 n/a n/a 
0 1 1 6.43 n/a n/a 
1 1 0 4.56 6.20 6.09 
1 0 1 4.48 5.77 5.58 
1 0.5 1 4.47 5.72 5.28 
1 1 1 4.56 5.68 4.85 
1 2 1 4.49 5.66 4.73 

A combination of all three variables at 1 mM each 
has shown a drastic disconnect from each of these on an 
individual basis.  Once again, at a pH below 5.00, all 
constituents remain in solution.  From pH 5.00 to 6.00, all 
constituents begin precipitating, with iron(II) and 
uranium(VI) concentrations diminishing at the same rate. 
From that point until pH 11.00 iron(II) remains in solution 
at an average concentration of 0.74 mM.  Uranium(VI) 
and silicon however continue to precipitate at a rate of 2 
to 1 through this range.  Above pH 11.00, silicon ends 
precipitation and remains at a concentration of .071 mM.  



The concentrations of U(VI) and Fe(II), however, 
precipitate to a point below the measurable levels.   

IV. CONCLUSIONS AND DISCUSSION  

Titrations of certain ratios of uranium(VI), iron(II), 
and silicate(IV) have been performed in order to 
determine what, if any, effect individual concentration has 
on the individual constituents’ ability to remain in 
solution and what compounds may form as a solid 
precipitant.  Inclusion of uranyl to the system positively 
causes both a buffering effect and precipitation at lower 
pH.  Comparisons between individual titration curves 
show complexation of uranyl at low pH regardless of the 
ions present in solution.  This complexation causes a 
buffering in the system, requiring a larger amount of 
hydroxide to be added to the system in order to affect pH. 

 Iron precipitation is evident when iron(II) is solely 
present in solution, but no evidence of this particular 
precipitate has been observed with either silicon or 
uranium being present, as the precipitant which dominates 
in the mixed systems consists mainly of uranium and/or 
silicon.  This, in combination with the individual 
precipitation experiments, is demonstrable of the Fe(II)’s 
penchant to remain in solution when either of the other 
constituents are present in solution.  The first precipitation 
of iron(II), which was observed at pH 5.51 with no other 
examined species present, conflicts with the calculated 
precipitation at pH 7.34 (Ksp = 4.87 x 10-17).  This is 
possibly due to the presence of carbonate in the solution, 
as the de-ionized water was not degassed prior to the trial.  
Titration of Fe(II) alone causes a significant amount of 
buffering within the solution. 
 

With silicon having an initial concentration of 1 mM 
and being solely in solution, all silicate remains in 
solution no matter the pH.  The titration of the silicon 
only solution reveals a first inflection point at pH 6.46.  
This differs from the first inflection observed in the Fe(II) 
only solution, which is at pH 6.06.  The first iron 
inflection, as well as its buffering effect, is eliminated 
when both of these species are incorporated in a solution 
at 1 mM each and titrated.  This first inflection, at pH 
6.43, is roughly equal to that observed with silicate alone.  
This is one demonstration of silicon having a greater 
affinity for hydroxide than does iron(II).   
  

The titration of U(VI) at 1 mM concentrations reveals 
two inflection points at the pH of 4.36 and 5.84.  As the 
uranium remains completely in solution through out the 
interrogated pH range, these inflection points provide no 
obvious illumination on precipitate formation, although 
comparison with the titration curve formed by a 1:1 mM 
mixture of U(VI) and silicate clarifies the dominance of 
uranium in compound formation.  These titration results 

also demonstrate that some phase of uranyl hydroxide or 
uranyl carbonate forms at a pH of approximately 4.5 
under these conditions.  As more hydroxide enters the 
system, precipitation of either UO2(OH)2·xH2O with a 
phase of silicate, or some form of uranyl silicate, occurs 
based on the shifting of the second inflection point.  
These solutions also confirm that molar equivalents of 
U(VI) and silicate precipitate as the pH is increased, thus 
leading to two possible conclusions:  the simultaneous co-
precipitation of equivalent moles of both elements or the 
formation of some phase of UO2SiO3·xH2O or even 
Na2UO2SiO4.  An initial concentration of 5:1 mM 
U(VI):Si shows the same pronounced curves for both 
elemental concentrations, with the scaling of uranium 
being five times that of silicon.  This outcome lends itself 
to a co-precipitation of uranyl silicate with a form of 
uranyl hydroxide.  Should two separate uranium and 
silicon co-precipitates be forming, nearly all of the silicon 
should precipitate with the first large-scale uranium 
concentration reduction.  This response does occur in the 
instance of 1:1 mM solutions of U(VI):Fe(II), where all 
iron(II) is precipitated between pH 5.00 and pH 6.00, 
which occurs with the first large scale depletion (~75%) 
of U(VI) [2].   

The overall amount of precipitated material is 
directly contingent on two separate but instrumental 
factors.   Low solution pH staves off all precipitation 
efforts, while high pH leaves little remaining in solution.  
Initial concentration of uranyl nitrate in solution is the 
driving force behind all observed precipitations, which is 
most noticeable in the case of 1:1 mM Fe(II):Si, as no 
precipitate forms without its inclusion.  Drastic elevations 
in solid formation are also noticeable with higher the 
initial U(VI) concentration.  But, it should be explicitly 
stated that uranium did not precipitate without the 
addition of either Fe(II) or silicate.   

An inspection of the differences between the titration 
curves of 1:1 mM U(VI):Fe(II) and 1:1:1 U(VI):Fe(II):Si 
gives insight to the actual compounds dropping from 
solution.  An inflection observed in the first curve occurs 
at pH 6.20.  The inclusion of silicate to the system 
eliminates this inflection, causing the second curve to 
mimic that of the uranium and silicate curve, thus 
demonstrating the formation of a silicate compound, as 
opposed to a U(VI) and Fe(II) co-precipitation.  This is 
borne out in the remainder of iron within this solution, 
until reaching elevated pH. The inclusion of iron(II) in the 
system causes additional buffering in the solution at 
elevated pH, as was observed with Fe(II) alone in 
solution, with buffering effects being proportional to the 
concentration of Fe(II).  This is possible due to iron(II) 
remaining in solution during uranyl silicate precipitation.  
The iron becomes saturated with hydroxide above pH 
11.00, thus crashing out of solution by pH 12.00. The pH 



at which a precipitate forms in a solution that contains all 
three components is inversely proportional to the 
concentration of Fe(II).  Another difference between the 
results of this solution and that containing U(VI) and 
silicate without Fe(II) is the rate at which the two 
concentrations fall from solution.  In this instance U(VI) 
declines twice that of Si.  Fe(II) inclusion could possibly 
cause the formation of (UO2)2(SiO4)(H2O)2 instead of the 
compound observed in other solutions, however, the 
possibility of co-precipitation of iron(II) with silicate, or 
the formation of further phases of iron silicate, uranyl 
silicate, or even iron(II) uranate can not be eliminated.   

U(VI) and Fe(II) drop in identical concentration until 
pH 6.00 showing the beginnings of co-precipitation 
between these two, but product formation of a uranyl 
silicate phase overcomes this initial solid formation. 
Fe(II) remains in solution through the bulk of 
precipitation as the affinity for hydroxide of the uranyl 
silicate phase far out-ways that of Fe(II).  This remains 
the fact from this point until the pH reaches 11.00, after 
which the Fe(II) precipitation then becomes prevalent.  
All iron(II) falls from solution, withdrawing the 
remaining uranium(VI), and leaving silicon at a 
concentration of approximately 0.5 mM. 

Due to the relatively high concentrations in these 
solutions, all measurements were performed using ICP-
AES analysis.  ICP-MS will be utilized to reveal the 
actual composition at lower level concentrations. XRD 
was not a viable method for the evaluation of the 
precipitates formed, though EDAX, FT-IR, UV-vis, and 
other methods still remain under evaluation.  Over all 
interactions within the solution phase and solid state are 
currently being conducted through EXAFS. 

Further studies will include additional components, 
such as Ca2+ and Mg2+ that are also found in near-field 
ground water, and full affects of carbonate within the 
system, in order to most accurately characterize possible 
secondary phases that form under such conditions.  These 
studies will also include the effects of mixed oxidation 
states of both uranium and iron, to determine the relative 
effect that oxidation plays within this system.    
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Fig. 1.  A depiction of titration data from all U(VI) containing solutions.  The points shown are from the relevant portion of 
data ranging from pH 3.25 to 8.00. 
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Fig. 2.  The titration data of silicate and iron(II) solutions without the presence of U(VI). 

 



Two Constituent Precipitation

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 2 4 6 8 10 12 14

pH

[ ]
 (m

M
)

1:1 U:Si [U] 1:1 U:Si [Si] 5:1 U:Si [U] 5:1 U:Si [Si] 1:1 U:Fe [U] 1:1 U:Fe [Fe]
 

Fig. 3.  ICP-AES data depicting remaining elemental concentrations in solution after the respective solutions encountered pH 
adjusted water. 
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Fig. 4.  ICP-AES data illustrating the concentration of each constituent remaining in solution upon contact with pH adjusted 
water. 
 


