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HypothesisHypothesis

Reaction of hyperReaction of hyper--alkaline Naalkaline Na--aluminate fluidsaluminate fluids

(from the REDOX tank wastes) with subsurface(from the REDOX tank wastes) with subsurface

geomaterialsgeomaterials results in novel chemistry leading toresults in novel chemistry leading to

transformation/immobilization of radiotransformation/immobilization of radio--isotopes andisotopes and

hazardous metals.hazardous metals.



ObjectivesObjectives

1.1. Evaluate the polymerization/precipitation of AlEvaluate the polymerization/precipitation of Al--(hydr)oxides(hydr)oxides
and possible incorporation of contaminant metals.and possible incorporation of contaminant metals.

2.2. Evaluate the dissolution/Evaluate the dissolution/reprecipitation reprecipitation of Alof Al--silicates andsilicates and
possible incorporation of contaminant metals, with modelpossible incorporation of contaminant metals, with model
solids and Hanford sediments.solids and Hanford sediments.

3.3. Evaluate the geochemistry/transport of select contaminantsEvaluate the geochemistry/transport of select contaminants
in Hanford sediments impacted by tank waste in Hanford sediments impacted by tank waste simulantssimulants..

4.4. GroundGround--truth lab studies with direct speciation of contaminatedtruth lab studies with direct speciation of contaminated
sediments from the Hanford site.sediments from the Hanford site.



Al polymerization/precipitation and contaminant Al polymerization/precipitation and contaminant 
incorporationincorporation

••AlAl--polymers/precipitates examined with polymers/precipitates examined with 2727Al NMR, Al KAl NMR, Al K--edgeedge
XANES and XRDXANES and XRD

8080°°C, 7 days OH/Al = 4.0, 10 C, 7 days OH/Al = 4.0, 10 mmMM NaNONaNO33

8080°°C, 3 days OH/Al = 4.0, 10 C, 3 days OH/Al = 4.0, 10 mmMM NaNONaNO33

fresh precipitatefresh precipitate, OH/Al = 4.0, 2 , OH/Al = 4.0, 2 MM NaNONaNO33

fresh precipitatefresh precipitate, OH/Al = 4.0, 10 , OH/Al = 4.0, 10 mmMM NaNONaNO33



Al polymerization/precipitation and contaminant Al polymerization/precipitation and contaminant 
incorporation:  Sr sorption on powders at pH 10incorporation:  Sr sorption on powders at pH 10

••Competition with NaCompetition with Na+ + 

evidentevident

••Greater sorption byGreater sorption by
boehmiteboehmite than gibbsitethan gibbsite



SrT = 10-4 M
Is = 2 M NaNO3

Al polymerization/precipitation and contaminant Al polymerization/precipitation and contaminant 
incorporation:  Sr sorption on gelsincorporation:  Sr sorption on gels



Al polymerization/precipitation and contaminant Al polymerization/precipitation and contaminant 
incorporation:  Sr sorption on gels at pH 10incorporation:  Sr sorption on gels at pH 10

15 d, 2015 d, 20°°CC

15 d, 5015 d, 50°°CC

5 d, 805 d, 80°°CC

2.3



Oxidation of Co(II) to Co(III) in the Presence of Oxidation of Co(II) to Co(III) in the Presence of 
Hanford Sediments: Inhibition by Fe(II)Hanford Sediments: Inhibition by Fe(II)--bearing bearing 
MineralsMinerals

Two Hanford sediment samples used:Two Hanford sediment samples used:

(1) From the ERDF pit, fine sand(1) From the ERDF pit, fine sand ⇒⇒ ERDFERDF

(2) From the Submarine pit, fine sandy silt(2) From the Submarine pit, fine sandy silt ⇒⇒
SubSub

Both sediments predominantly quartz and Both sediments predominantly quartz and 
feldsparfeldspar

Sub sediment contains more Fe(II)Sub sediment contains more Fe(II)--bearing bearing 
minerals: biotite (minerals: biotite (BB), amphibole (), amphibole (AmAm), and ), and 
chlorite (chlorite (ChlChl) based on powder XRD (right)) based on powder XRD (right)
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Powder XRD of sedimentsPowder XRD of sediments
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CoCoIIIIIIOOHOOH

ERDF, 50°CERDF, 50°C

ERDF, 25°CERDF, 25°C

Sub, 50°CSub, 50°C

Sub, 25°CSub, 25°C

CoCoIIII(OH)(OH)22

Aqueous Co(II) reacted with the two Hanford sediment Aqueous Co(II) reacted with the two Hanford sediment 
samples at pH 12 in 1 M NaNOsamples at pH 12 in 1 M NaNO33, analyzed by XAFS:, analyzed by XAFS:

••Co(II) oxidizes to Co(III) in the ERDF sedimentsCo(II) oxidizes to Co(III) in the ERDF sediments
••A mixture of Co(II) and Co(III) forms in the Sub sedimentsA mixture of Co(II) and Co(III) forms in the Sub sediments
••Suggests Co oxidation is partially inhibited by Fe(II) mineralsSuggests Co oxidation is partially inhibited by Fe(II) minerals

⇐⇐Co(III)Co(III)

⇐⇐MixtureMixture
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Na2U2O7 precipitated
from UO2(NO3)2 and NaOH
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Na2U2O7 precipitated
from UO2(NO3)2 and NaOH

2θ
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2UO2UO22
2+2+ + 2Na+ 2Na++ + 2OH+ 2OH-- + H+ H22O = NaO = Na22UU22OO77 + 4H+ 4H++

(Finch and Ewing, 1997)(Finch and Ewing, 1997)



Al(NO3)3
+ NaOH

Synthesized 
from

UO2(NO3)2
+ Al(NO3)3
+ NaOH

UO2(NO3)2
+ NaOH

XRD patterns
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23Na MAS NMR

A. 1M Al(NO3)3 + 5M NaOH

A + 10-3M UO2(NO3)
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0.27M Al(NO3)3 + 1M NaOH 
+ 10-3M UO2(NO3)
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HypothesesHypotheses

Sediments may undergo immediate Sediments may undergo immediate 
dissolution as leaking dissolution as leaking hyperalkalinehyperalkaline and and 
saline fluid enters the saline fluid enters the vadosevadose zonezone

Aluminum may inhibit dissolution   Aluminum may inhibit dissolution   

There is a strong potential for There is a strong potential for in in situ situ 
formation of formation of aluminosilicatesaluminosilicates, e.g., , e.g., 
feldspathoidsfeldspathoids and zeolites and zeolites 



Changes in Changes in Si Si concentration with time and Al concentration with time and Al 
concentration in the soil solutionconcentration in the soil solution
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Changes in Fe concentration with time and Al Changes in Fe concentration with time and Al 
concentration in the soil solutionconcentration in the soil solution
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Changes in K concentration with time and Al Changes in K concentration with time and Al 
concentration in the soil solutionconcentration in the soil solution
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Changes in Al concentration with time and Al Changes in Al concentration with time and Al 
concentration in the soil solutionconcentration in the soil solution
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Cr(VI) in the form of potassium dichromate was used as an oxidanCr(VI) in the form of potassium dichromate was used as an oxidant in t in 
the REDOX process to manipulate the valence state of the REDOX process to manipulate the valence state of PuPu and Uand U

The residual Cr(VI) was discharged to SThe residual Cr(VI) was discharged to S--SX tanksSX tanks

The estimated Cr concentration at the time of the leak(s) rangedThe estimated Cr concentration at the time of the leak(s) ranged from from 
0.0509 to 0.413 mol L0.0509 to 0.413 mol L--11

The estimated total mass of Cr(VI) loss to the The estimated total mass of Cr(VI) loss to the vadose vadose zone from S/SX zone from S/SX 
tanks is 2,685 kg (Jones et al, 2000), and Cr(VI) is considered tanks is 2,685 kg (Jones et al, 2000), and Cr(VI) is considered the most the most 
significant contaminant at Hanfordsignificant contaminant at Hanford ((Serne Serne et al., 2001)et al., 2001)

Cr at the Hanford siteCr at the Hanford site



Cr: laboratory studiesCr: laboratory studies

Cr(VI) can be reduced homogeneously by dissolved Cr(VI) can be reduced homogeneously by dissolved 
Fe(II) or by structural Fe(II) in minerals.Fe(II) or by structural Fe(II) in minerals.

Past studies:  Peterson et al (1997) on magnetite, Past studies:  Peterson et al (1997) on magnetite, 
Patterson and Patterson and FendorfFendorf (1997) on iron sulfide, (1997) on iron sulfide, Eary Eary 
and and RaiRai (1988) and (1988) and Ilton Ilton and and VeblenVeblen (1994) on (1994) on 
biotitebiotite..



Homogeneous Cr(VI) reductionHomogeneous Cr(VI) reduction

Cr(VI)Cr(VI)((aqaq)) + Fe(II)+ Fe(II)((aqaq)) = Cr(V) + Fe(III)= Cr(V) + Fe(III)

Cr(V)Cr(V)((aqaq)) + Fe(II)+ Fe(II)((aqaq)) = Cr(IV) + Fe(III)= Cr(IV) + Fe(III)

Cr(IV)Cr(IV)((aqaq)) + Fe(II)+ Fe(II)((aqaq)) = Cr(III) + Fe(III)= Cr(III) + Fe(III)

Overall: Overall: Cr(VI)Cr(VI)((aqaq)) + 3Fe(II)+ 3Fe(II)((aqaq)) = Cr(III) + 3Fe(III)= Cr(III) + 3Fe(III)

Cr(III) + Fe(III) + 3OHCr(III) + Fe(III) + 3OH-- →→ (Cr,Fe)(Cr,Fe)22OO33(s) +(s) + FeOFeO(OH)(s)(OH)(s)

Cr(III) + Fe(III) + 3OHCr(III) + Fe(III) + 3OH-- →→ (Cr(CrxxFeFe11--xx)(OH))(OH)33(s)(s)



Homogenous Cr(VI) reductionHomogenous Cr(VI) reduction
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Homogeneous Cr(VI) reduction:  XRD ofHomogeneous Cr(VI) reduction:  XRD of
reaction productsreaction products
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Cr removed from solution by reaction with Cr removed from solution by reaction with biotitebiotite
in the presence of 2 M NaOHin the presence of 2 M NaOH
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XX--ray Absorption Nearray Absorption Near--edge Structureedge Structure
(XANES) Spectroscopy(XANES) Spectroscopy

Monochromator

Ion Chamber
Sample

Fluorescence 
DetectorPre-edge feature



BL 11-2 BL 4-3

Beamline Specific Calibration of Cr Oxidation State 1.
Spectra of Mechanical Mixtures
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•Cr(VI) on biotite was reduced.
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Cr(VI) experiments, PNNL

Batch and saturated 1Batch and saturated 1--D miscible displacement experiments were D miscible displacement experiments were 
conducted under alkaline and high IS conditions, in a COconducted under alkaline and high IS conditions, in a CO22-- and Oand O22-- free free 
environment, at 50 environment, at 50 00C C 

Hanford sediments were treated in batch reactors or in packed Hanford sediments were treated in batch reactors or in packed 
columns with Alcolumns with Al--rich (0.055rich (0.055--0.165 0.165 MM), alkaline (1), alkaline (1--4 4 MM NaOH) and NaOH) and 
saline (1 saline (1 MM NaNONaNO33) solutions considered to be representatives of the ) solutions considered to be representatives of the 
REDOX tank wastes REDOX tank wastes 

Cr(VI) concentration in the leaching solutions was 0.192 and 1.9Cr(VI) concentration in the leaching solutions was 0.192 and 1.923 23 mmMM



Changes in Cr(VI) concentration during leaching first with the Na2CrO4
solution, and then with the alkaline solution (4.08 h)
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Cr attenuation (8.05 h) Leaching solution: 1Cr attenuation (8.05 h) Leaching solution: 1MM NaOH,NaOH,
11MM NaNONaNO33, 0.055 , 0.055 M M Al(NOAl(NO33))33, 0.192 , 0.192 mmMM Cr as NaCr as Na22CrOCrO44
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Cr attenuation (32.5 h) Leaching solution: 1M NaOH, 1M NaNO3,

0.055 M Al(NO3)3, 0.192 mM Cr as Na2CrO4
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Stop-flow Cr(VI) leaching (8.53 h): 1M NaOH, 1M NaNO3, 
0.055 M Al(NO3)3, 0.192 mM Cr as Na2CrO4
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Stop-flow Si, K, and Fe release - Leaching solution: 1M NaOH, 1M
NaNO3, 0.055 M Al(NO3)3, 0.192 mM Cr as Na2CrO4
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Effect of OH on Fe release - Leaching solution: 1M and
4M NaOH, 1M NaNO3, 0.055 M Al(NO3)3, 0.192 mM Cr as Na2CrO4
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Cr XANES - Leaching solution: 1M NaOH, 1M NaNO3, 
0.055 M Al(NO3)3, 1.923 mM Cr as Na2CrO4
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Wide area view around the first scan region sediments from from 
the column leached with 100 ppm Cr(VI) solution



Cr, K, and Fe elemental images 1300 x 1300Cr, K, and Fe elemental images 1300 x 1300
microns, 7 micron stepsmicrons, 7 micron steps

CrCr KK FeFe



Wide area view around the second scan regionWide area view around the second scan region



Cr, K, and Fe elemental images, 700 by 700 micron;

7 micron step size

KKCrCr FeFe



Field SamplingField Sampling

The SX Tank farmThe SX Tank farm



4141--0909--3939
2 samples2 samples SXSX--108108

6 samples6 samples

BattelleBattelle

Contaminated field samples from the SX FarmContaminated field samples from the SX Farm



Nature of WMA SNature of WMA S--SX Core SamplesSX Core Samples



SampleSample Depth (ft.)Depth (ft.) Total Cr (Total Cr (ppmppm))
SXSX--108 Core108 Core

6A6A 8080 955955
7A7A 8484 12971297
8A8A 8888 20982098
9A9A 9292 13941394
13A13A 113113 931931
14A14A 121121 388388

4141--0909--39 Core39 Core
6AB6AB 9090 11861186
7ABC7ABC 8383 20902090

SX core samples analyzedSX core samples analyzed



Cr mapping at GSECr mapping at GSE--CARS, Sector 13CARS, Sector 13

••Sediment core samples were impregnated with epoxy, crossSediment core samples were impregnated with epoxy, cross--
sectioned, polished to 0.1 mm thick and mounted onto SiOsectioned, polished to 0.1 mm thick and mounted onto SiO22..



Cr mapping at GSECr mapping at GSE--CARS, Sector 13CARS, Sector 13,, continuedcontinued……



Element Correlation Matrix:Element Correlation Matrix: Sample 41Sample 41--0909--3939--6AB6AB

1.001.000.580.580.230.230.540.540.580.58--0.220.22TiTi

0.580.581.001.000.160.160.860.860.940.94--0.290.29MnMn

0.230.230.160.161.001.000.160.160.160.160.650.65KK

0.540.540.860.860.160.161.001.000.810.81--0.320.32FeFe

0.580.580.940.940.160.160.810.811.001.00--0.300.30CrCr

--0.220.22--0.290.290.650.65--0.320.32--0.300.301.001.00CaCa

TiTiMnMnKKFeFeCrCrCaCa



Element Correlation Matrix:Element Correlation Matrix: Sample SXSample SX--108108--7A7A

1.001.000.190.190.340.340.240.240.310.310.030.03TiTi

0.190.191.001.00--0.040.040.830.830.560.56--0.140.14MnMn

0.330.33--0.040.041.001.00--0.140.140.040.040.750.75KK

0.240.240.830.83--0.140.141.001.000.530.53--0.300.30FeFe

0.310.310.560.560.040.040.530.531.001.00--0.160.16CrCr

0.030.03--0.140.140.750.75--0.300.30--0.160.161.001.00CaCa

TiTiMnMnKKFeFeCrCrCaCa



Element Correlation Matrix:Element Correlation Matrix: Sample SXSample SX--108108--8A8A

1.001.000.430.430.380.380.540.540.580.580.310.31TiTi

0.430.431.001.000.070.070.900.900.600.600.360.36MnMn

0.380.380.070.071.001.000.110.110.090.090.380.38KK

0.540.540.900.900.110.111.001.000.590.590.340.34FeFe

0.580.580.600.600.090.090.590.591.001.000.310.31CrCr

0.310.310.360.360.380.380.340.340.310.311.001.00CaCa

TiTiMnMnKKFeFeCrCrCaCa



Spatial mapping of Cr in SX coresSpatial mapping of Cr in SX cores

•Moderate to weak correlations exist between total Cr
and Fe, Ti and Mn

•Much of the Cr appears to be evenly distributed throughout
the samples



XANES Analysis of Cr(VI):Cr(III) RatioXANES Analysis of Cr(VI):Cr(III) Ratio
in Core Samplesin Core Samples
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Sample % Cr(VI) Total Cr 
(ppm)1 

Cr(VI) 
(ppm) pH2 Depth 

b.g.s. (ft)
Total Na 

(ppm) 
SX-108 Core       

6A 54 955 516 8.0 80 5631 
7A 25 1297 324 9.6 84 21325 
8A 53 2098 1112 7.8 88 18383 
9A 71 1394 990 7.9 92 8694 
13A 69 931 642 8.0 113 8277 
14A 62 388 241 7.6 121 8353 

       
41-09-39 

Core       

6AB 51 1186 605 8.3 90  
7ABC 58 2090 1212 8.7 83  

 

Sample % Cr(VI) Total Cr 
(ppm)1 

Cr(VI) 
(ppm) pH2 Depth 

b.g.s. (ft)
Total Na 

(ppm) 
SX-108 Core       

6A 54 955 516 8.0 80 5631 
7A 25 1297 324 9.6 84 21325 
8A 53 2098 1112 7.8 88 18383 
9A 71 1394 990 7.9 92 8694 
13A 69 931 642 8.0 113 8277 
14A 62 388 241 7.6 121 8353 

       
41-09-39 

Core       

6AB 51 1186 605 8.3 90  
7ABC 58 2090 1212 8.7 83  

 
1as determined by XRF 2from hot water extract

Comparison of the extent of Cr reductionComparison of the extent of Cr reduction
to sediment propertiesto sediment properties

•Highly reduced sample (7A) has highest pH and highest [Na]; 
also  showed significant alteration

•Most samples similar in pH, [Na]



ConclusionsConclusions

1.1. Sr can be incorporated into/on AlSr can be incorporated into/on Al--precipitates.precipitates.

2.2. If U(VI) and NaIf U(VI) and Na++ are present at sufficient concentrationsare present at sufficient concentrations
NaNa--uranates uranates may be important.may be important.

3.3. Reaction of SX tank fluids nearReaction of SX tank fluids near--field may have led tofield may have led to
dissolution of silicates with release of Fe(II) and possibledissolution of silicates with release of Fe(II) and possible
formation of zeolites.formation of zeolites.



ConclusionsConclusions

4.4. DissolutionDissolution--induced release of Fe(II) can lead to reductioninduced release of Fe(II) can lead to reduction
of Cr(VI) to Cr(III).of Cr(VI) to Cr(III).

5.5. Cr XANES on field samples indicate some in Cr XANES on field samples indicate some in situ situ reductionreduction
did occur; however it is limited to zone most impacted by highdid occur; however it is limited to zone most impacted by high
pH.  Surface pH.  Surface passivationpassivation, carbonate coatings or minimal, carbonate coatings or minimal
dissolution may all have contributed to the limited reductiondissolution may all have contributed to the limited reduction
that was observed. that was observed. 

6.6. Most of the Cr in the ground at SXMost of the Cr in the ground at SX--108 is still Cr(VI).  This108 is still Cr(VI).  This
has important implications for future cleanup.has important implications for future cleanup.


