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ABSTRACT

Investigations of contaminant release from Hanford Site tank residual waste have indicated that in some
cases certain contaminants of interest (Tc and Cr) exhibit inhibited release. The percentage of Tc that
dissolved from residual waste from tanks 241-C-103, 241- C-106, 241-C-202, and 241-C-203 ranged
from approximately 6 % to 10 %. The percent leachable Cr from residual waste from tanks C-103,
C-202, and C-203 ranged from approximately 1.1 % to 44 %. Solid phase characterization results
indicate that the recalcitrant forms of these contaminants are associated with iron oxides. X-ray
absorption near edge structure analysis of Tc and Cr in residual waste indicates that these contaminants
occur in Fe oxide particles as their lower, less soluble oxidation states [Tc(IV) and Cr(IIl)]. The form of
these contaminants is likely as oxides or hydroxides incorporated within the structure of the Fe oxide.

Leaching behavior of U from tank residual waste was studied using deionized water, and CaCO; and
Ca(OH), saturated solutions as leachants. The release behavior of U from tank residual waste is complex.
Initial U concentrations in water and CaCQj; leachants are high due to residual amounts of the highly
soluble U mineral ¢ejkaite. As leaching and dilution occur NaUO,PO,xH,0, Na,U,0(am) and schoepite
(or a similar phase) become the solubility controlling phases for U.

In the case of the Ca(OH), leachant, U release from tank residual waste is dramatically reduced.
Thermodynamic modeling indicates that the solubility of CaUO,(c) controls release of U from residual
waste in the Ca(OH), leachants. It is assumed the solubility controlling phase is actually a hydrated
version of CaUQ, with a variable water content ranging from CaUO4to CaUO4 (H,0). The critically
reviewed value for CaUOQ4(c) (log Ksp” = 15.94) produced good agreement with our experimental data for
the Ca(OH), leachates.

INTRODUCTION

At the U.S. Department of Energy’s (DOE) Hanford Site in southeastern Washington State, large volumes
of radioactive waste generated through reprocessing of spent fuel were stored in 177 single- and double-
shell underground waste storage tanks. Most of these tanks (149) consisted of single-shell, steel and
concrete storage tanks. The single-shell tanks (SSTs) are presently being retrieved to meet Hanford
Federal Facility Agreement and Consent Order — Tri-Party Agreement Action Plan Milestone M-45-00,
which states “...retrieval of as much tank waste as technically possible, with tank waste residues not to
exceed 360 cubic feet (Cu. Ft.) in each of the 100 Series tanks, 30 Cu. Ft. in each of the 200 Series tanks,
or the limit of waste retrieval technology capability, whichever is less.” This is equivalent to
approximately 1 in. of residual waste remaining in the tank at closure. Pacific Northwest National
Laboratory (PNNL) has completed chemical analysis, phase characterization, and leach testing of residual
waste from four retrieved Hanford Site sludge SSTs; 241-C-103, 241-C-106, 241-C-202, and 241-C-203;
one salt cake SST (241-S-112), and one partially retrieved sludge SST (241-C-108) to support closure of
the SSTs as part of its Residual Tank Waste Contaminant Release Project funded by Washington River
Protection Solutions LLC. For expediency, the tank designations will not include the 241 prefix from this
point forward.
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PNNL is taking a multi-tiered approach to study these residual wastes. Tier 1 tests focus on general
characterization of the residual wastes (e.g., concentration measurements of contaminants and major
components in the bulk residual waste), crystalline phase identification by X-ray diffraction (XRD), and
identification of water-leachable constituents. Tier 2 analyses augment this characterization work and
endeavor to determine the controlling mechanisms for release of contaminants. Tier 2 tests include
selective extractions to quantify the release of contaminants from particular solid phases; scanning
electron microscopy/energy dispersive spectrometry (SEM/EDS); and other techniques, such as
synchrotron-based X-ray analysis, to identify phases in the as-received samples of residual wastes and
solids remaining after the water leach and selective extraction studies.

A major project component is to develop release models for the residual waste that can be used in
performance assessment models to evaluate the long-term risks to human health and the environment
associated with closure of underground storage tanks at the Hanford Site. Release of contaminants from
residual waste was quantified by leaching with aqueous solutions, selective extractions, and
thermodynamic modeling.

During some of the early characterization and release model development work, it was determined that
significant fractions of certain contaminants that are typically very mobile were not soluble in some tank
residual waste samples. Because of the potential important implications of these findings with regard to
tank closure performance assessments, further investigations are being conducted to determine more
detailed characteristics of the forms of these contaminants. Identifying the exact form of the
contaminants has been challenging. This is because the contaminants often occur at trace concentrations
and the residual wastes are chemically-complex assemblages of crystalline and amorphous solids that
contain contaminants as discrete phases and/or co-precipitated within oxide phases. Results from some of
our early work using selective extractions suggested that significant fractions of Tc were typically
co-precipitated at trace concentrations in Fe oxide phases that could not be identified unambiguously [1].
SEM/EDS indicated that Cr was also associated with Fe oxide/hydroxide phases [2,3]. More recent
analyses of residual waste from C-103 have revealed the presence of Tc-containing Fe oxide/hydroxide
particles, which is believed to be the first direct evidence of Tc in solid phases in actual samples of
Hanford Site pre-retrieval tank waste or post-retrieval residual waste. The presence of mineralized
coatings such as Fe oxides/hydroxides or reaction products precipitated from contact with cement pore
fluids on contaminant-containing particles could decrease their rate of dissolution, thereby delaying the
release of contaminants until the coatings dissolve sufficiently to expose the underlying matrix to
infiltrating pore fluids.

Recent analysis using synchrotron-based X-ray analysis techniques has revealed that the valence of Tc
and Cr in SST C-103 waste are in the reduced +4 and +3 states. These oxidation states typically form
relatively insoluble oxide/hydroxides. This finding can partially explain why significant fractions of
normally quite mobile contaminants in tank residual waste are resistant to dissolution. These and other
findings are discussed in more detail in the following sections.

CHARACTERIZATION AND TEST METHODS

Analytical and test methods used to characterize tank waste samples and leachates have been described in
detail previously [2]. A brief overview is provided here. The elemental and contaminant concentrations
of the wastes were measured by complete dissolution of the bulk residual waste solids using fusion-
dissolution procedures and acid digestions. Digests and leachates were analyzed using a combination of
methods, including inductively coupled plasma-mass spectrometry, inductively coupled plasma-optical
emission spectroscopy, and several radiochemical analytical techniques. Because the two solid digestion
methods require the addition of acids to fully solubilize the waste solids, they are not appropriate
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techniques for determining the anion concentrations of the bulk residual waste. Anion concentrations of
the bulk residual waste solids were estimated separately by adding results from sequential deionized (DI)
water extracts of the bulk residual wastes. The anion concentrations in these extracts were measured
using ion chromatography. This approach may underestimate the total quantities of anions in the sample,
particularly for anions that can form insoluble precipitates. The carbon contents (total carbon and total
inorganic carbon) of the wastes were determined with a Shimadzu carbon analyzer.

Solid phase characterization techniques that were routinely used include XRD and SEM/EDS. XRD was
used to identify crystalline phases. SEM in combination with EDS and X-ray fluorescence element
mapping techniques were used to characterize phase associations, morphologies, particle sizes, surface
textures, and compositions of solid particles in the unleached and leached residual waste samples. In
some cases, additional studies were conducted based upon the specific characteristics of particular
residual waste samples. These activities have included selective extractions and synchrotron-based X-ray
techniques.

The synchrotron-based X-ray analyses were completed on beamline 20-ID at the Advanced Photon
Source (Argonne National Laboratory [ANL], Argonne, Illinois), and included X-ray absorption
spectroscopy (XAS), such as XANES and extended X-ray absorption fine structure spectroscopy; micro
X-ray fluorescence (USXRF); and micro X-ray diffraction. The XANES and extended X-ray absorption
fine structure spectroscopy analyses were used to provide information about the oxidation state and
chemical bonds for certain elements in solid and solution samples. Micro X-ray fluorescence is used for
mapping the distribution of element concentrations in samples at the micrometer to submicrometer scale,
and is particularly sensitive for elements with large atomic numbers, such as U and Tc.

A major component of this project is the development of contaminant release models for residual waste
that can be used in performance assessments to evaluate the long-term risks to human health, safety and
the environment associated with closure of underground storage tanks at the Hanford Site. Leachants
used in these studies include DI water, a Ca(OH), saturated solution, and a calcite (CaCQ;) saturated
solution. The Ca(OH), leachant is used to simulate conditions associated with the tanks being filled with
cement, and is intended to represent the composition of a pore fluid that has contacted fresh cement prior
to contacting the residual waste. The calcite-saturated leachant is used to simulate a future scenario in
which rain infiltrates through the vadose zone into the interior of the SSTs and then reacts with aged
concrete that has undergone carbonation and become coated with calcite. The aqueous leaching
experiments were conducted using both single contact experiments and sequential contact experiments.
The single contact experiments typically included 1 day and 1 month contact periods. The sequential
contact experiments typically included six stages in which the leachate solution was replaced with fresh
leachant after each contact period. The contact periods were typically 1 day for the first 5 stages and 30
days for the sixth stage. All the leach tests were conducted at a solution to solid ratio of approximately
100.

Thermodynamic equilibrium modeling was used to determine mineral saturation indices (SIs) to identify
solid phases potentially in equilibrium with the leachate compositions and to create stability field
diagrams. The Sl is defined as SI = log (Q/Ksp), where Q is the activity product and Kgp is the mineral
solubility product at equilibrium at the temperature of interest. Minerals with SI values near zero (within
+ ~0.5) are generally considered to be near equilibrium, more positive values are considered
oversaturated, and more negative values are considered undersaturated with respect to the solution
composition. Geochemist’s Workbench® version 8.09 [4] was used to calculate the mineral Sls for the
leachates and create stability field diagrams. Previous SI calculations [3] have been revised to include
thermodynamic constants for a number of additional U solid phases as well as solution phase complexes.
The thermodynamic database thermo.com.V8.R6+.dat was used for the modeling calculations. The
database was augmented to include solubility products for ¢ejkaite [Nas(UO,)(COs);] and
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[NaUO,PO4xH,0] [5]; becquerelite [Ca(UO,)s04(OH)6°8H,0] [6], Na diuranate hydrate
[Na,U,072xH,0] [7]; urancalcarite [Ca(UO,)3;(COs3)(OH)¢*3H,0] (estimated value) [8]; andersonite
[Na,Ca(UO,)(COs3);°5H,0] and leibigite [Ca,UO,(CO3);°10H,0] [9,10]; and autunite [Ca(UO;),(PO4),]
[11]; and stability constants for the dissolved species CaUO,(COs);*(aq) and Ca,UO,(CO5):(aq) [12].

RESULTS AND DISCUSSION

In their oxidized forms, Tc(VII), U(VI), and Cr(IV) are weakly or non-adsorptive and very [Tc(VII) and
Cr(IV)] or moderately [U(VI)] soluble, and thus mobile in environmental systems, relative to their more
reduced oxidation states Tc(IV), U(IV), and Cr(IIl). Because of their mobility in the environment, high
toxicity, and except for Cr, their long half-lives, Tc, U, and Cr are important contaminants of interest at
the Hanford Site and other DOE sites. Therefore, it is of critical importance to DOE and its tank closure
efforts to determine oxidation state, and phase or phase associations to predict leaching behavior and
assess risk associated with leaving residual wastes in the underground tanks after decommissioning.

As part of our studies to characterize and develop release models for Hanford Site tank residual waste,
leaching studies were conducted using simulated sediment and cement pore water solutions. In some of
these studies, it has been determined that for some tank residual waste samples, significant fractions of
important contaminants of interest including Tc, and Cr are resistant to leaching. Understanding the
nature of the recalcitrant forms of these contaminants and their release mechanisms has important
implications to assessment of these future risks and could provide a mechanism for immobilizing
normally highly mobile contaminants in a variety of environmental settings throughout the DOE
complex.

Technetium

For Tc in residual wastes collected from Hanford Site SSTs C-103, C-106, C-202, C-203, and S-112, it
was discovered the majority of Tc in the waste was resistant to dissolution by the three leaching solutions
(DI water, calcite or Ca(OH), saturated solution). The amount of Tc that was leachable in samples from
tanks C-103, C-106, and C-202 ranged from approximately 6 % to 10 % of the total Tc in these samples
[2,3,13,14,15]. The percent leachable Tc from tank C-203 residual waste was either not detected or less
than the estimated quantification limit [3]. For tank S-112, only one leaching test was conducted using DI
water. In this case, the percent leachable Tc was 17 % [16].

Efforts to characterize the nature of the Tc in the residual waste suggest Tc is associated with Fe oxides.
Fig.1 shows SEM images collected in backscattered electron emission mode showing Fe oxide/hydroxide
particles containing high concentrations of Tc-99 determined by EDS in residual waste samples from
tank C-103. Concentrations of T¢ in these particles ranged from ~0.6 to ~1.0 wt%. The authors believe
this is the first direct evidence of Tc in solid phases in actual samples of Hanford pre- retrieval tank waste
or residual waste. Previous evidence for the association of Tc with Fe oxides/hydroxides was indirect.
Cantrell et al. [1,17] concluded from the results of their selective extraction experiments that the
recalcitrant fraction of *’Tc in the pre-final retrieval tank C-203 and C-204 waste samples was
incorporated into an Fe oxide/hydroxide solid phase. However, other published studies of pertechnetate
(TcO,4 ) and perrhenate (ReOy , as an analogue of pertechnetate) sorption and coprecipitation suggest the
recalcitrant pertechnetate in tank wastes could also be associated with Al hydroxyoxides [18,19]. In the
actual tank residual waste samples analyzed to date, no Tc was ever detected in any of the numerous Al
oxyhydroxide particles analyzed by EDS. Recently published quantum-mechanical modeling of Tc-99
incorporation into hematite indicates that incorporation of small amounts of Tc(IV) (up to at least 2.6 wt.
%) is energetically feasible whereas incorporation of pertechnetate (TcO,) was unfavorable [20].
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Fig. 1. SEM micrographs collected in backscattered electron emission mode showing Fe oxide particles
containing high concentrations of *’Tc determined by EDS in residual waste samples from SST C-103 [2].

To determine the oxidation state(s) of Tc in the tank C-103 residual waste, samples were analyzed using
XANES at the Advanced Photon Source at ANL. Results of this analysis are shown in Fig. 2. Shown in
Fig. 2 are the XANES spectra of one scan (scan 2), the average of three scans (scans 2-4), and three
standards for comparison. The standards include Tc(VII) in the form of pertechnetate (TcOy’), Tc(IV) in
the form of TcO,, and Tc(IV) incorporated into the Fe hydroxide ferrihydrite. The spectra clearly indicate
the Tc is in the +4 oxidation state. Because of the low concentration of Tc at the spot analyzed, the
quality of the spectra were not high enough to differentiate between Tc(IV) in the form of TcO, or Tc(IV)
incorporated into ferrihydrite. This result is, however, the first evidence that clearly demonstrates that Tc
in tank residual waste is in the relatively insoluble +4 oxidation state and explains why much of the Tc
that occurs in tank residual waste at the Hanford Site is recalcitrant to dissolution. This result was not
expected a priori because the tank environment is exposed to the atmosphere and is generally oxidizing.
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Fig. 2. XANES spectra collected for a high Tc concentration spot found in a SST C-103 residual waste
sample.

Chromium

Similarly to Tc, major fractions of Cr in Hanford Site tank residual waste are resistant to dissolution.
Table 1 shows results of the percent cumulative leachable Cr from sequential leach tests of residual waste
from Hanford Site SSTs C-103, C-202, and C-203 [2,3,15]. Data for tank C-106 are not shown because
Cr concentrations determined in both the residual waste and leachates were below the quantification
limits [14]. Values in Table 1 that are in parenthesis are based on estimated values that were below the
quantification limit in the leachates and are associated with greater uncertainty. The percent leachable Cr
in these samples range from 1.1 % to 44 %.

Table 1. Percent cumulative leachable Cr from sequential leach tests of Hanford tank residual waste.

Tank ID DI Water Leachant CaCOQO; Leachant Ca(OH); Leachant
C-103 1.1-64 Below Detection (3.7-4.7)
C-202 (5.9) 4.7 8
C-203 34 -44 18-22 611

Parenthesis indicate measured values were below the estimated quantification limit

Analysis of residual tank wastes from C-103, C-202, C-203 by SEM-EDS indicated that when Cr is
detected, it is always associated with Fe oxides [2,3]. Previous studies were conducted to establish the
oxidation state(s) of Cr in the tank C-106 residual waste. These samples were analyzed using XANES at
the Advanced Photon Source at ANL. Results of these analyses indicated the majority of Cr in tank C-
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106 residual waste was in the Cr(I1I) oxidation state [21]. To produce more conclusive evidence that Cr
in Hanford Site residual waste occurs primarily as Cr(III), a C-103 residual waste sample was recently
analyzed using XANES. The XANES spectra from three high Cr concentration spots in the sample are
shown in Fig. 3, along with Cr(III) [Cr,0;] and Cr(VI) [CrO4*] standards. Through comparison of these
XANES spectra, it is readily apparent the three sample spots are consistent with Cr in the Cr(I1I)
oxidation state. Based upon this evidence, the authors concluded the recalcitrant nature of Cr in Hanford
Site tank residual waste is the result of its occurrence in the relatively insoluble Cr(III) oxidation state. In
this oxidation state, Cr could exist as Cr(OH);, Cr,O3, or as a solid solution with various Fe
oxide/hydroxides. All of these forms are relatively insoluble.
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Fig. 3. XANES spectra collected at three high Cr concentration spots found in a sample of SST C-103
residual waste.

Uranium

The release behavior of U from Hanford Site residual waste is quite different from that of Tc and Cr.
Uranium release varies considerably from tank to tank and is typically greatly affected by the type of
leachant solution. Table 2 shows the release model data that have been developed to date for residual
waste from SSTs C-103, C-106, C-202, and C-203. A particularly noteworthy feature of the U release
data presented in Table 2 is the large differences in U leachability that occurs between the CaCOs
leachants and the Ca(OH), leachants. It is presumed the cause of this behavior is transformation of an
initially Na rich U phase to a more Ca rich U phase, which has a much lower solubility. The identity of
this phase(s) could not be positively identified.
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Table 2. Current U release model data for residual waste from Hanford Site SSTs C-103, C-106, C-202,
and C-203.

Tank Maxirr_1um Waste Leachant Solution Maximum_ Release
Concentration (ug/g-waste) Concentration (ug/L)

C-103 4,200 Cg;gg? 4’21'80

C-106 310 Cg;ggzz ig

C-202 240,000 Cg;ggzz 61f,700000

C-203 590,000 Cg;ggzz 5? i 88 5

The values shown in Table 2 were determined empirically from leach test experiments and are
conservative in that the maximum release concentrations were determined from the highest concentration
of U measured in any of the leachate solutions. To illustrate this point, the U concentrations measured in
the CaCOj sequential leach tests determined with tank C-203 residual waste are shown in Fig. 4. Aside
from one outlier for contact number six, these data show the general trend is a substantial decrease in U
concentrations during successive contacts, particularly for the early contact stages. The cause of this
behavior is likely due to the presence of a minor amount of the highly soluble U phase Cejkaite
[Na,UO,(CO5);] in the residual waste. Cejkaite was a major phase identified in the tank C-203 and C-204
pre-retrieval waste [1,22]. SEM images of tank C-203 pre-retrieval waste and post-retrieval residual
waste collected in backscatter electron emission mode are shown in Fig. 5. On the right side of Fig. 5,
hexagonal Cejkaite crystals found in tank C-203 pre-final retrieval waste are shown. On the left side of
Fig. 5, a U rich particle (Na-U-P from SEM-EDS) found in the C-203 post-retrieval residual waste is
shown that contains hexagonal or rod-like dissolution cavities. This evidence supports our hypothesis
that residual cejkaite in C-203 residual waste is responsible for the high U concentrations that occur in the
initial stages of the leaching experiments.

Positive phase identification of U phases that occur in the as-received residual waste and the leached
residual waste has been problematic. XRD analysis has indicated the major U phases that occur in the
residual wastes are amorphous or are below the detection limit and thus cannot be identified by XRD.
Although cejkaite was identified in SSTs C-203 and C-204 pre-retrieval wastes, its presence in post-
retrieval wastes was below the detection limit of XRD and could not be verified. To more accurately
predict future U releases from the final closed tanks, it is necessary to establish what U phases are present
in the as-received residual waste; does the solubility of these phases control U release from residual
waste, and how do the U phases evolve during leaching? To accomplish this goal, we used a combination
of process knowledge, waste composition data, leach test data, and geochemical modeling to predict what
phases are likely to control U release after tank closure.

Process knowledge indicates that process waste from the Bismuth Phosphate Plant were major
components of the wastes disposed to tanks C-201, C-202, C-203, and C-204 [23]. The main U solids in
tank sludge that resulted from this waste were Na,UO,(COs3); (Cejkaite) and NaUO,PO,xH,0 [24].
Micro-XRD analysis of water leached pre-retrieval waste indicated that the Cejkaite had dissolved leaving
a poorly crystalline Na uranate (Na,U,0O,) or clarkeite [Na(UO,)O(OH)H,O.,] phase [1,21,22].
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Fig. 4. Uranium concentrations measured in CaCOj; leachants after contact with SST C-203 residual
waste.

Fig. 5. Hexagonal ¢ejkaite crystals that were found in SST C-203 pre-final retrieval waste (left) and
hexagonal, rod-like dissolution cavities (right) that occur in a U rich particle found in the C-203 post-
retrieval residual waste.
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To illustrate how U phases in SSTs C-202 and C-203 sludge are likely to evolve during tank waste
retrieval and subsequent leaching by infiltration after closure it is instructive to construct a
thermodynamic stability field diagram. Fig. 6 is a thermodynamic stability field diagram created for U
under conditions that are similar to some CaCOj; leachates in contact with tank C-203 residual waste. In
this case, the stability of U phases is shown as a function of sodium activity (a surrogate for
concentration) and pH. Fixed parameters used to construct the diagram are log U =-3.0, log Ca = -8.0,
log PO4 = -6.0, log PCO, = -5.0, and log PO, = -3.6. For tank conditions prior to waste retrieval the
supernatant contained very high sodium concentrations at very high pH values. Because the tanks were
not sealed from the atmosphere, CO, was absorbed from the air into the supernatant, resulting in
significant carbonate (CO5>) concentrations entering the tank waste. Under these conditions Fig 6
indicates that ¢ejkaite would be the most stable U phase. During the retrieval process for tanks C-202 and
C-203, supernatant was pumped out and then a vacuum system was used to remove as much

sludge as possible. After this step, a high-pressure water spray was used with a vacuum to remove as
much additional sludge as possible. During this last stage of the process, the water contacting the sludge
waste would have become relatively dilute, lowering the sodium concentration and pH. This would have
caused the solution concentrations to move from the stability field of Cejkaite into that of Na,U,O;(am).
This is consistent with the occurrence of poorly crystalline Na uranate (Na,U,0) or clarkeite
[Na(UO,)O(OH)H,0¢_] in the water leached pre-retrieval waste described earlier [1,22,23]. After final
tank closure, it is conceivable that meteoric water could eventually contact the residual waste resulting in
further dilution of pore fluids contacting the residual waste. The resulting decrease in sodium
concentration and pH moves the chemistry into the stability field of schoepite (UO;-2H,0) or similar
phases such as meta-schoepite.
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Fig. 6. Thermodynamic stability field diagram constructed to illustrate how U phases in SSTs C-202 and
C-203 sludge are likely to evolve during retrieval and subsequent leaching by infiltration after closure
(log U =-3.0, log Ca = -8.0, log PO, = -6.0, log PCO, = -5.0, and log PO, = -0.7).
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This scenario is supported by solubility index calculations conducted on leachate solutions. Details of
these calculations will be published in another research publication and are only summarized here. The
SI calculation results indicate that as the DI and CaCOj; leachant solutions contact residual waste any
Cejkaite remaining in the waste will dissolve and the solutions will come to equilibrium with
NaUO,PO,xH,0 and Na,U,0,(am). As further dilution occurs during subsequent leachant, the solutions
remain in equilibrium with NaUO,PO,4-xH,0O, but Na,U,0O-(am) dissolves and schoepite comes into
equilibrium,

The situation for the Ca(OH), leachates is very different. In this case, all U phases in the thermodynamic
database were highly undersaturated with the exception of CaUQy(c). The occurrence of this phase has
not been verified, but the SI calculations indicate the solubility of this phase likely controls U release
from our residual waste samples. It has been demonstrated that a number of U(VI)-Ca phases can form in
alkaline solutions at room temperature, including becquerelite [Ca(UO,)sO4(OH)s-2H,0],
Ca,UO5:(H0), 5,17, CaUQy, Ca;UQOg, and CalU,0; [25]. It was suggested the most likely phase at high
pH in contact with Ca(OH), solution is Ca,UQOs:(H,0);3.17 [25]. It was later presumed this phase is a
hydrated form of CaUQ, with a variable water content ranging from CaUQO,to CaUQ4 (H,0),.1 [26].
More recent modeling of U(VI) precipitation experiments conducted in artificial cement pore waters and
low-alkali pores waters indicated that amorphous Ca-uranate [CaUQO4(s)], with a solubility product of log
Ksp” = 23.1, produced good agreement between the predicted solubility limits and experimental data for
all solution compositions investigated [27].

Significantly lower solubility for CaUQy(c) was observed in our leaching experiments. Using the
critically reviewed value of log Ksp’ = 15.94 for CaUO4(c) provided in the database [4,28], reasonably
good agreement between our experimental data and the modeling results was achieved. In addition to
CaUO4(s) precipitation, it is possible that some incorporation or co-precipitation of UO,*" into calcite or
aragonite could have occurred in our Ca(OH), leached experiments [29,30,31]. The residual wastes used
in our experiments initially contain carbonate (as cejkaite and possibly Na,CO;). During contact with the
Ca(OH), leachant, calcium carbonate precipitation could have occurred. The solubility calculations
indicate that calcite is oversaturated in stage 6 of the Ca(OH), sequential leach tests. The impact of this
process in our experiments is expected to be small because of the limited amount of carbonate in the
waste and the weak partition coefficients for calcite exhibited by U (0.01 to 0.26) [32].

Fig. 7 is a thermodynamic stability field diagram constructed to illustrate U phases in SSTs C-202 and C-
203 residual waste that are likely to control U release during leaching with Ca(OH), as a function of Ca
activity and pH. Fixed parameters used to construct the diagram are log U = -4.0, log Na =-1.5, log PO4>
=-4.0, log PCO, = -7.5, and log PO, = -3.6. For these conditions, the diagram indicates that

CaUOy4 (H,0),.; is stable at relatively high pH values relative to autunite and NaUO,PO,xH,0. In
addition, autunite is more stable than NaUO,PO4xH,0 at high Ca concentrations.

CONCLUSIONS

Investigations of contaminant release from Hanford tank residual waste have indicated that in some cases
certain contaminants of interest (Tc and Cr) exhibit inhibited release. The percentage of Tc that dissolved
from residual waste from SSTs C-103, C-106, C-202, and C-203 ranged from approximately 6 % to 10 %.
The percent leachable Cr from residual waste from tanks C-103, C-202, and C-203 ranged from
approximately 1.1 % to 44 %. Solid phase characterization results indicate that the recalcitrant forms of
these contaminants are associated with Fe oxides. XANES analysis of Tc and Cr in residual waste
indicates that these contaminants occur in Fe oxide particles as their lower, less-soluble oxidation
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states [Tc(IV) and Cr(III)]. The form of these contaminants is likely as oxides or hydroxides incorporated
within the structure of the Fe oxide.

Ca,U0,(C0s)5%(aq) .

{
n
(&3]

T

Po4)2

_3.5L Ca-autupite

/I
CaU0,(C0O,)5*
| | 2( 3\)3 | 25°C

7 8 9 10 11 12 13 14
pH

Fig. 7. Thermodynamic stability field diagram constructed to illustrate U phases in SST C-202 and C-203
residual waste that are likely to control U release during leaching with Ca(OH), (log U = -4.0, log Na = -
1.5, log PO, = -4.0, log PCO, = -7.5, and log PO, = -0.7).

Leaching behavior of U from tank residual waste was studied using DI water, and CaCOj; and Ca(OH),
saturated solutions as leachants. The release behavior of U from tank residual waste is complex. Initial U
concentrations in water and CaCQj; leachants are high due to residual amounts of the highly soluble U
mineral ¢ejkaite. As leaching and dilution occur NaUO,PO,xH,0, Na,U,0(am) and schoepite (or a
similar phase) become the solubility controlling phases for U.

In the case of the Ca(OH), leachant, U release from tank residual waste is dramatically reduced.
Thermodynamic modeling indicates the solubility of CaUQy(c) likely controls release of U from residual
waste in the Ca(OH), leachants. It is assumed the solubility controlling phase is actually a hydrated
version of CaUQ, with a variable water content ranging from CaUO, to CaUO4 (H,0O). The critically
reviewed value for CaUO4(c) (log Kgp’ = 15.94) [4,28] produced good agreement with our experimental
data for the Ca(OH), leachates.
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