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What are oxidation rates of reduced uranium?
What are the mechanisms and their products?
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Goals: e Rates/mechanisms for individual U(IV) species
e Under aquifer conditions
(i.e., the parameters needed for biogeochem models)
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Forms of reduced uranium &

From literature and our group’s work: ..
- uraninite (UO,q))
* U(IV) sorbed to biomass

« U(IV) adsorbed to minerals

* U(IV) incorporated into Fe sulfides

Biogenic uraninite

* Most well-studied of these materials

* Only form of U(IV) for which thermodynamic,
Kinetic parameters are known

« Can be used as a proxy to understand behavior of
other forms of U(IV) in sediments

« Abundant in low-temp. sedimentary ore deposits

» Widely used sink term in biogeochemical models



How can we isolate individual U(IV) species &
assess their reactivity under field conditions?
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Capturing complexity

Simplest The “real thing”
lab approach
. PP Solid-phase
Stirred reactor: add oxidants, in
soluble appropriate
oxidants matrix

Increasing complexity

Highly
complicated:
difficult to isolate
individual species

Ideal for studying
individual species,
but simplistic
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Capturing complexity

e Solid-phase

Add + Artificial oxidants, in

soluble ground appropriate
oxidants water matrix

Increasing complexity
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Capturing complexity

VN

Add + Artificial
soluble ground
oxidants water

Solid-phase

oxidants, in

appropriate
matrix

complexity

10° : : : : :
0.01 atm O,
& 10" L i
@
R
E
3
£
06 1218 24 303 = 10" 4
tir (1 =6.5 min)
k =5.5+10"13
mol m2 s (50.1 m2g") )
Ulrich et al. ES&T (2008) 10* . . . . .

and GCA (2009) 0 2 4 6 8 10
DIC (mM)

12
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Add
soluble
oxidants

k (mollmzxsec)

0 6 1218 24 30 36
tit (=65 min)

k =5.5¢10"3
mol m2 s (50.1 m2g™)
Ulrich et al. (2008)
ES&T 42, 5600

Capturing complexity

\/

o Solid-phase

+ Artificial oxidants, in
ground appropriate
water matrix

Increasing complexity
» 0.01 atm O,
10 | .
Problem is, this doesn’t
o | give us what we ultimately
need to know........
10" | . . . . .

0 2 4 6 8 10 12
DIC (mM)



[
)

:

!
e

s(.l’)

Qi

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

University in St.Louis
SCHOOL OF ENGINEERING
& APPLIED SCIENCE

Pacific_ I‘_\Iorthwe_slg

Capturing complexity

VN

+ Artificial

Add
soluble ground
oxidants water

Increasing

] ] ] ] ] ] ] >
complexity

Solid-phase

oxidants, in

appropriate
matrix

Seasonalwatertable
fluctuations

Seasonal DO
variations

Microbial activity

(e.g., sulfate
reduction) +HCOy,
+Fe(ll)

Rate-specific reactant
delivery (depends on
permeability)

. namely rates under field
conditions that take into

account:
 Time-dependent ground water
composition
* Role of diffusion

oroln dvwaier >

Rate-specific products
removal
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Seasonalwatertable
fluctuations

Seasonal DO
variations

Microbial activity
(e.g., sulfate
recuction) +HCO;,

+Fe(ll)

| ] e 0 A e e e e :>
Rate-specific reactant

delivery (depends on
permeability)

oroln dvwaier >

Rate-specific products
removal

Approach: in-situ incubations in wells

e Solid-phase
Add + Artificial Conduct In well, oxidants, in
soluble ground experiment biomass appropriate
oxidants water in-well present matrix
] ] ] ] ] ] >
Increasing complexity
v
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Approach: in-situ incubations in wells

e Solid-phase

Add + Artificial Conduct In well, oxidants. in
; biomass -

soluble ground experiment appropriate
oxidants water in-well present matrix

Increasing complexity

Seasonalwatertable

fluctuations

Seasonal DO
variations

Microbial activity
(e.g., sulfate

recuction) +HCO;,

+Fe(ll)

| ] e 0 A e e e e :>
Rate-specific reactant

delivery (depends on
permeability)

Highly informative

for s¢
oxidants

dluble
(DO > 0.5

mg/L or NO;’).

oroln dvwaier >

Rate-specific products
removal
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Biogenic uraninite P

* Trace solutes moderate uraninite
stability — dramatically so.

« Ground water is compositionally
complex in space and time.

« Laboratory investigations: challenged
to provide meaningful rates for field
(but provide crucial information that
links reactivity to structure).

Bio-UO, dissolution rates

Rate (moleslmzls)

107 .

—_—
Dn
=

—_—
on

—
on
s

10"

No Mn(Il) 1 mM Mn(ll)

Courtesy of D. Giammar, WUStL
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Biogenic uraninite

CER

9

« Trace solutes moderate uraninite Bio-UO, dissolution rates
stability — dramatically so. L |

—_—
Dn
=

« Ground water is compositionally
complex in space and time.

—_—
on

Rate (moleslmzls)

—
on

« Laboratory investigations: challenged
to provide meaningful rates for field
(but provide crucial information that L
links reactivity to structure).

-13

No Mn(Il) 1 mM Mn(ll)

Courtesy of D. Giammar, WUStL

— need for experiments that capture complex

ground water behavior

To assess roles/function of molecular-scale processes at field scales
To obtain rate laws for biogeochemical models



Rates and mechanisms of biogenic uraninite
oxidation at the Rifle IFRC site
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Approach: Rifle wells as “in-situ chemostats”

Model for contaminated DOE-

LM sites in Co River basin

Approach: install bio-uraninite

in ground water

 pre-characterize uraninite

e Install in wells in
permeable reaction cells

months Choose wells
to w/ contrasting
years GW comp:
v

Remove & characterize:

B-02: Oxic

D.0. 0.5-1.2 mg/L &

P-103: Suboxic
D.O. <0.1 mg/L

Preduminance Ares Gugrm ©r UAYUOW) &r Rifie G Composfan [TRT U= ful)

 Structure (EXAFS/XANES, TEM)
« Composition (XPS, SR-PD)
» U loss rate (gel probes)

« Reactivity (CFR)



HI- Yo Permeable membrane cells:

A Keep nanoparticles in/bacteria out
250 Diffusion test on sample cells C and E
Rifle well o0 [ — —Camsscauiny
—_ Il E
ECOLE POLYTECHNIQUE § 250 1 ot “
FEDERALE DE LAUSANNE & 200 4 :
5 g
T 150 A o
8 100 -
i y = 9.60x
@ %0 R?=0.96
Was n 0+
University in St.Louis 0 10 20 30 40 50 60 70 80
SCHOOL OF ENGINEERING Time (h)
& APPLIED SCIENCE
Cell diffusive half-equilib:
~20 hr.

Pacific r_\lo_rthwe_slg

Two types of samples:
« Uraninite-water suspensions

» Suspended in polyacrylamide gel pucks:
dagm

Diffusion time
constant ~ few hr.

*— Gel pucks

"o
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Predictions: 12 week reaction oxic well

RATE prediction:
complete
dissolution (B-02)

Vv

Before reaction

|

MECHANISM prediction:
Slow oxid. of surface U(IV) — Rapid removal by CO;’

Anoxic / reducing

©

Uo,,
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Electron Microscopy: after reaction

Electron Image 1 C K_SERIES

p—— I T
——
300nm =00nm
Si W_SERIE= P K_SERIE=

g_i

X - s % iy gt TARF : "

y R ) ’ - oy .

" - - Y 4

i CYE P} o ‘_‘ 'S .." > e,

e ol . o "- N . A ' ,";‘i‘: "- ’
entage BTSRRIy B P S %

5 w e N ; NS

3 .._'.'. AP s ' . 23 3 :

] B c e
e
A00nm - S_
Ca K_SERIEZ Fe K_SERIES

« UO, nanoparticles ~ 1.5 nm diam.
* No evidence for any crystalline
secondary phases.

Ca, Si associated with UO,
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Corrosion mechanism

—B02
—P103
= Pre-Ilncubation

©
2
:'E'
j=2}
o =
P £
< s !
= c
o S
=
g
3
L
2 4 6 8 o 12 14 '
k(A"
F T - I 1
M 3_(111)(200) Pre-incubation: 2.07(5) nm
c ) P-103: 2.09(4) nm
- I B-02: 2.15(5) nm
8 All: a=5.466(2) A
5
L
2
‘0
c
0]
£

R+dR (A)

No accumulation
of UO,,x or U(VI)
solids.

« EXAFS: Local
structural order
similar
before/after

Diffraction: no change in

material,

particle size.

No UO,,,, calcite, other phases.

 Mechanism = prediction
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Pacific Northwest 15 7
12 | -
T 9 I
§
& i
e AE :
Fe 0@ suboxic
oS )
3 = I
£ OXIl
o Before Deployment: P-100-Gel 41 P102-Gel 58 P-103-Gel 22 BO2-Gel 38
Before P-101-Gel 41  P-102-Gel 58  P-103-Gel 22 B02-Gel 38
Deployment

well

Cleaned uraninite
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Uranium loss rates: gel puck measurements

mg U/gram gel

15

12

Predominance A=x Ougrm &r UMYUQN] &r Bl G Compo idon [TOTU= {uM]

Blig-uraninite

Bio-uraninite stability

Estimation of U losses from Gel pucks 4 months after
in situ deployment (NaOH cleaned BioU0,)

—
1

C
9
1 == |
0@ suboxic
o> -
O -
= OXIC
Before Deployment: P-100-Gel 41 P102-Gel 58 P-103-Gel 22 BO2-Gel 38
Before P-101-Gel 41  P-102-Gel58  P-103-Gel 22 B02-Gel 38
Deployment
well

Cleaned uraninite

1

mg U fGram gel
-
(1]

=
(=]

0

Biomass retards U loss!

Estimation of U losses from Gel pucks 4 months after in situ

Pre-
incubation

deployment (UO, from Rifle Isolate)

suboxic

oXic

F102-1-Gel 12 F-103--Ge1 19 BOZ--Gel 31
Before Deployment 1011 Gel 75 P 102 | Gel 12 r 103 1 Gel 59 BO2 | Gel 31
well

Uncleaned: cells + uraninite
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Mass Loss Rates in Rifle Wells

10" . . . . .
0.01 atm O,
E 10-10 i 1
R
=
=
E
o 10-11 1
B-02 oaP-103
@
"][:]'12 1 1 1 1 1

DIC (mM)

* Observed U loss rate is slow: R ~ 2x10-1
» 50 to100x slower than laboratory dissolution rate
» Ca is strongly associated with uraninite after retrieval
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Why is U mass loss so slow?
Two possible explanations:

O, diffusion can account for rate (S. Yabusaki, PNNL)

1] [ I% 1]
/] N
| EE
(]| HE
mE EE
[ 1| N
1 1 |
— . —
1] EEEN i

UO, distribution: 37d

4 month reaction: Predict 52% of uraninite is lost
Observe 55% of uraninite is lost
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Why is U mass loss so slow?
Two possible explanations:

O, diffusion can account for rate (S. Yabusaki, PNNL)

1] [ I% 1]
/] N
| EE
(]| HE
mE EE
[ 1| N
1 1 |
— . —
1] EEEN i

UO, distribution: 37d

4 month reaction: Predict 52% of uraninite is lost
Observe 55% of uraninite is lost

Other possible explanation: dissolved trace solutes

(e.g., silicate, 0.5 mM, Ca?*, 0.7 mM) retard U
corrosion.
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Conclusions
* Modest diffusion limitation causes large decrease
iIn U loss rate

« Diffusive barriers in natural sediments are likely to

be much higher: very slow U release, even in oxic
ground water

 Presence of biomass further slows oxidation
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Conclusions

* Modest diffusion limitation causes large decrease
iIn U loss rate

« Diffusive barriers in natural sediments are likely to
be much higher: very slow U release, even in oxic
ground water

* Presence of biomass further slows oxidation
 Suitable for bioremediation? Very good prospects

 Implications for other forms of U(IV):
» O, diffusion limitation important for other forms
of U(IV)
 Establishes lower limit for U(IV) release rates.
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Future directions

« Continue ongoing experiments for 21 months to
establish rates over more realistic time scales

* Investigate stability of other forms of U(IV) (in
progress):

« Biomass-sorbed U(IV)
* Mineral-sorbed U(IV)
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