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Abstract

The oxidation status of uranium in sediments is important becauselthmlity of this toxic and
radioactive element is much greater for U(VI) than for U@gecies. Thus, redox manipulation
to promote precipitation of UQs receiving interest as a method to remediate U-contardinate
sediments. Presence of Fe and Mn oxides in sediments at much doghentrations than U
requires understanding of their redox status as well. This stadyconducted to determine
changes in oxidation states of U, Fe, and Mn in U-contaminated sedifmem Oak Ridge
National Laboratory. Oxidation states of these elements weasured in real-time and
nondestructively using X-ray absorption spectroscopy, on sediment rdlgopplied with
synthetic groundwater containing organic carbon (OC, 0, 3, 10, 30 and 100CGn&4 (actate)
for over 400 days. In sediments supplied with ©80 mM, 80% of the U was reduced to U(IV),
with transient reoxidation at about 150 days. Mn(lll,1V) oxides wampletely reduced to

Mn(Il) in sediments infused with OE€ 3 mM. However, Fe remained largely unreduced in all
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sediment columns, showing that Fe(lll) can persist as analeaticeptor in reducing sediments
over long times. This result in combination with the complete remucif all other potential
electron acceptors supports the hypothesis that the reactivg faftion was responsible for

reoxidizing U(IV).

Introduction

The mobility of U through sediments is strongly influenced tisyoxidation statelj.
Reduction of U(VI) to less soluble U(IV) occurs through metal (prilm Fe) and sulfate
reducing microorganisms (2-4), and through abiotic redox reactidhs~e(ll) (5), green rusts
(6), and S(-1) (7). Conversely, oxidation of U(IV) to U(VI) acs rapidly in the presence of
oxygen B8, 9), nitrate/nitrite 10, 11), Mn(lll,1V) (12), and some Fe(lll) (hydr)oxides (13-16).
The behavior of U in sediments during the transition from oxidizingedoiaing conditions is
complicated because of coupling between numerous reactions, witlotnaaisbns progressing
at widely varying rates.

In our previous study on historically U-contaminated Oak RidgsBoNal Laboratory
sediments, U(IV) reoxidation occurred under sustained reducing conditiynk7). Uranium-
contaminated sediments were infused with a steady supply of orgardon (OC, 10.7 mM
lactate = 32 mM OC, at an OC supply rate of 0.55 mmdl&kl). Changes in U oxidation states
were determined nondestructively within columns using micro- Xabgorption near edge
structure (U-XANES) spectroscopy. Rapid U(VI) reduction durimg initial 80 days was
followed by reoxidation of U(IV) and increased U(VI) concentratimnsffluents. Reoxidation
of U(IV) was unexpected because these columns were maintainedocamti@uously reducing

conditions. We found that U(VI) enrichment in effluents resultenfrcomplexation with
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carbonates produced by microbial OC oxidation. Reactive Fefiljor Mn(IV) oxides were
suspected as the terminal electron acceptors (TEAs) for)U@bxidation, but that earlier
experimental system did not permit direct, nondestructive speciation of Ferand M

This present study follows the course of the previous work, with tie goal of testing
the hypothesis that Fe(lll) and Mn(lll,1V) oxides persist lomguwgh during U bioreduction to
permit U reoxidation under sustained metal-reducing conditions. Theiraepés involved
infusion of synthetic groundwater containing different concentrations of OC wtmtaminated
sediments, and periodically obtaining u-XANES spectra of U, Mn, ant [E&ectly monitor
oxidation states of each element. In this paper, OC does nottoefative sediment organic
matter unless indicated. The study presented here is partlafger effort designed to
understand impacts of different OC forms and supply rates on Ufdmaragions and on

microbial communities.

Materials and Methods

Sediment. Uranium-contaminated sediment was obtained from the U.S. Department of’Energy
Environmental Remediation Science Program’s Field ResearchrQ&R€) at Oak Ridge
National Laboratory. The sediment had a total U concentration of 1r08l hg* (X-ray
fluorescence analysis, XRF), and was from a location neaotlmatr previous study (14). The
total Mn and Fe in this sediment were 49.1 and 1,185 mmbl degpectively (XRF). Citrate-
dithionite method 18) yielded an extractible Fe concentration of 248 mmali. ké\ 0.5 M HCI
extraction paired with a 0.25 M HCl/hydroxylamine hydrochlorideaastion (9) yielded an
extractible Fe(ll) concentration of 0.23 mmol %gand operationally defined microbially

reducible Fe(lll) concentration of 5.9 mmolkgrhis sediment had a native OC concentration of
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370 mmol kg (0.44%). Additional geochemical analyses of the sediment are proirided
Supporting Information Table S1. Moist sediment was passed throdgtb anm sieve and
homogenized prior to packing into columns to a porosity of 0.51.

Sediment columns. 200 mm long, 31.5 mm inner diameter polycarbonate columns were similar
to those used previously (14), except that thinner windows were idstalfgermit sufficient X-
ray penetration into sediments and fluorescent X-ray collectitimabwer energies of Mn and
Fe K absorption edges. In order to maintain the structural intedrégach column, the windows
were made in 2 sections (70 mm by 10 mm) separated by a goéidspgment (Supporting
Information, Figure S1). Two layers of Kapton tape were usedoh window, such that the
adhesive surfaces were sandwiched between Kapton films in orgeevent redox reactions
between the sediment and adhesi26).( Kapton windows were secured on columns with
aluminum frames (0.60 mm thick), and caulked with epoxy glue. Windows coeered with
plastic plates banded to the column in order to limit slow expansitreafediment against the
thin Kapton film, and uncovered during u-XANES data collection. mlati redox electrodes
were embedded into each column at distances of 50, 100, and 150 mm.

Influent solutions. A synthetic groundwater solution was prepared based on the composition
an uncontaminated groundwater from the Oak Ridge FRC. Its majohéonisiry consisted of
0.83 mM C4&", 0.20 mM Md*, 2.00 mM N4, 0.10 mM K, 2.1 mM CI, 1.00 mM HCQ@, 0.50
mM SQ#, and 0.05 mM N@, had an ionic strength of 5.68 mM, p£€B.5, and pH = 7.3.
Low levels of NQ and SG* were included in these solutions because of their natural
occurrence in groundwater, hence their likely inclusion in remediaglying on injection of

OC-amended local groundwater. For the OC supply at different coabens$, Na-lactate was
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92 added to the synthetic groundwater to obtain solutions containing 0, 3, 10, 30, antM10Q,

93 with all solutions autoclaved.

94  Sediment column operation. Columns were kept in an Nurged glovebox except during
95 times for transporting to synchrotron facilities for u-XANBES&ta collection. Solutions were
96 supplied via syringe pumps at an average pore water velocity of 8.@ayin{24 day residence
97 time). After supplying columns with 2 pore volumes (1 PV = 79.5 wiLjhe 0 mM OC
98 solution, infusion with different OC concentration solutions (including contimuaof one
99 column with 0 mM OC) was initiated. The combination of influent OC concentragimhpump
100 rate yielded column-averaged supply rates ranging from 0 to 1.4 @@&g" day*. Effluents
101 were collected using a fraction collector. Redox potentiale weriodically obtained by Pt
102 electrode readings referenced to a calomel electrode tappeatiendbutflow end of each column.
103 When columns were to be transported to synchrotron facilities, enddags were shut and
104 disconnected from inflow/outflow lines, and columns were sealed imichail N>-purged plastic
105 bags.

106 Micro-XANES spectroscopy. Oxidation states of U, Fe, and Mn in sediments were obtained
107 using u-XANES spectroscopl, 22). The X-ray absorption spectra of each of these elements
108 were obtained at the GeoSoilEnviroCARS beamline 13ID-C at theafeddd Photon Source
109 (APS, Argonne National Laboratory, Argonne, IL), and at beamline X@6Ahe National
110 Synchrotron Light Source (NSLS, Brookhaven National Laboratory, Upton, NAY) both
111 facilities, beam sizes o0t200 um (vertical) by=800 um (horizontal) were used in order to
112 average over a large population of mineral grains and pores. The b@aadsize also helped

113 minimize X-ray beam-induced reductio@3]. Profiles of p-XANES spectra were obtained
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along each sediment column, sequentially for Mn, Fe and U, at ératifftimes during the
course of this study.

Oxidation state standards for Mn consisted of MaG@ defining the Mn(ll) edge
energy, Na-birnessite, MnCfor defining the Mn(lV) edge energy, and KMp@br energy
calibration, each mixed into Si@owder to about 1% Mn. A Mn(lll) standard was not included
because of the priority placed on determining redox statusnwtitiei range set by Mn(lV) and
Mn(Il), and the interest in avoiding radiation-induce redox chandessolution of all 3 Mn
oxidation states would require longer X-ray exposures for calleatf u-XANES data at high
resolution. The Mn(VII) pre-edge peak energy was set equal to 6,86¥331). Examples of
these Mn K-edge spectra are shown in Figure 1la. Becauselsdifferent energy steps were
taken within individual scans, spectra were smoothed piecewise usiraxtansion of the
Savitzky-Golay method developed by Gor2g). This smoothing was also applied to the Fe and
U spectra. Manganese K-edge scans on soils were obtaitiedoarse steps in the below edge
region (6,530 to 6540 eV, in 2 eV step), finer steps in the edge region G5565 eV, in 0.5
eV steps), and coarse steps above the absorption edge (6,630 to 6,650 eV, stepsgVor
normalizing the step height. The Mn u-XANES measurements omeetdcolumns were done
with high resolution only along the main absorption edge in ordernomazie the potential for
X-ray beam induced redox changes. Local Mn redox status wastenamed by determining
the energy along the absorption edge corresponding to half the absofgherstep height2g),
then comparing this half-height energy to those of Mn(ll) and Mn¢itdndards. These edge
energies differ by 6.0 £0.5 eV.

Iron oxidation states were characterized using the enerthedfs-3d pre-edge centroid,

which shifts about -2.5 eV in going from Fe(lll) to Fe(IB74{29). Oxidation state standards
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used were hematite and goethite for Fe(lll), and fayalitd=&gtl), with their spectra shown in
Figure 1b. An Fe foil was used for energy calibration, witledtge energy taken as 7,112.0 eV.
With this calibration, the pre-edge centroid energies for h&natid goethite standards were
7,114.9 0.1 eV. Distinguishing among different Fe(lll) oxides wigediments by XANES
spectroscopy is challengin@Q), and was not attempted. Iron K-edge spectra were collected
over energy ranges starting at or below 7,050 eV and finishing at 7,300 eV or higméx lveV
steps in the pre-edge region (7,110 to 7,120 eV), and coarser (0.25 to 2 eV) steps elsewhere.
Oxidation states for U in sediments were obtained through detegriihig, absorption
edges, specifically through the edge energies at half that of the gibp(B&). Monochromatic
X-ray energies were scanned from about -40 to +200 eV relativee to i, absorption edge,
using 0.2 eV steps within the main edge, and coarse (2 to 5 eVpstaphe pre-edge and edge
step regions. The U(VI) and U(IV) oxidation states were assidhalf step height energies of
17,168.0 and 17,163.7 eV, using &R0O3), and UQ (both diluted in SiQ powder),
respectively (Figure 1c). Monochromator calibration at this kiggrgy region was done with Y

foil, with its absorption edge taken as 17,038.0 eV.
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Figure 1. XANES spectra of oxidation state standara$ fn K-edges, If.) Fe K-edges with

insert close-up view of pre-edge peak region, ang L, edges.

collected from the 100 mM sediment column are also included.

Results and Discussion

Examples of spectra

While this paper is focused on changes in oxidation states of MianBd,) within sediments,

aspects of the effluent solution chemistry important for understgmeddox transformations are

summarized in Figure 2 and Table S2. The main microbiological d¢kasdics follow those

presented in our earlier study of U bioreductidtdh (7). Most of the lactate supplied to columns

was mineralized, such that bicarbonate levels in effluents &evated in proportion to influent
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OC concentrations (Figure 2a,b). Uranium concentrations rapidly dedrefor columns
supplied with OC> 30 mM, followed by increased U concentrations resulting from foom af
soluble U(VI) tricarbonate and dicalcium uranyl tricarbonate coxeslé4), and reached steady
values in the range of 0.5 to 30 uM after about 200 days (Figure B®@ intermediate OC
supply rate of 0.14 mmol Kgday* (10 mM OC influent) resulted in the highest effluent U
concentrations because of enhanced U(VI) solubility from carbooatplexes while achieving
only minor U reduction. The low levels of nitrate (50 uM) in influsotutions were reduced
below detection (0.3 uM nitrate and nitrite) in effluents of al-€@plied columns, and nearly
completely reduced (2.4 £2.4 uM in effluents) in the column thagived no OC. Nitrate and
nitrite have been shown to promote U(IV) reoxidation by directlyisgras a TEA and through
oxidizing Fe(ll) to Fe(lll), which in turn oxidizes U(IV)10Q, 15, 32). Sulfate reduction was
proportional to the OC supply, with total S levels in effluentsriglbelow 5 pM in the 30 and

100 mM OC columns (Table S2).
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Figure 2. Trends in effluent concentrations far.)(organic carbon (OC)p() inorganic carbon,

and €.) uranium in sediment columns supplied with different concentrations of OC.

Redox electrode measurementsStable redox profiles developed by about 2.5 PV of OC
solution infusion, with trends in Pt electrode data that reflectedc@tCentrations in influent
solutions and distances along columns (Figure 3). Calculated,El#)(for nitrate, Mn(IV),
U(VI), Fe(lll), and sulfate reduction are included in FigureoB domparison. Although the

redox measurements are very local and have relatively largegaintes (1), several conditions
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189

190

191

192

are evident. Without addition of OC, redox potentials remained omgjimdicating that native
sediment organic matter mineralization rates were low. Then@@@0 mM OC columns have
redox potentials that have fallen below levels for Mn reductione dediment supplied with 3

and 10 mM OC exhibited redox gradients, reflecting OC oxidation during transit.
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Figure 3. Redox potential profiles measured with Pt electrodes in colunD®a points are
averages of measurements obtained at 2.5, 5.9, 7.3, 10.0, and 12.7 PV (days 70 to 330) relative to
the start of OC infusion. Range bars indicate standard devia#dss.shown along the Eh axis

are calculated potentials (all at pH 7.3) for nitrate redugqid®@s = 1 uM, P(N) = 0.8 atm),

Mn(IV) reduction (pyrolusite, Mfi = 10 uM), nitrite reduction to ammonia (equimolar N
species), Fe(lll) reduction (ferrihydrite, ¥e= 1 pM), *U(VI) reduction (CaUO,(COs)s = 1

mM, U(IV) = UOx(am), Eh ranges span pe© 2 to 1.5 and CGa= 0.1 to 1.0 mM), and sulfate

reduction to pyrite (1 uM E& 0.1 mM SQ%).

H-XANES of Mn, Fe, and U. Time trends in column-averaged characteristic energies of Mn
edges, Fe pre-edges, and U edges are shown in Figure 4, alongferdnee energies for
oxidation state end members. Sediments with intermediate levels of OC snféspecially the 3

and 10 mM OC columns) were measured on fewer occasions. The ()d3Q@p@ mM OC
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treatments exhibited no significant spatial gradients in Mnak@,U oxidation state profiles. In
contrast, the sediment column receiving 10 mM OC solutions showed | Spaithents in
oxidation states (Figure 5). Micro-XANES measurements or8th@v OC treated sediment
were only obtained at end of this study (average energies shokigure 4), and yielded Mn,
Fe, and U oxidation state profiles (not shown) similar to those of the 10 mM OC tmeatme
Manganese oxidation state trends. Micro-XANES spectra obtained on the initial sediment
showed that Mn occurred in intermediated oxidation states, withlittgywariability in the K-
edge absorption energies (Figure 4a). Because Mn(lll,IV) osudgsress U bioreduction rates,
and also oxidize uraninite (12), the initial redox status of Mn rsflgeochemical conditions
unfavorable for U reduction. Upon starting inflow, highly variable rednaiccurred during the
initial stage when only synthetic groundwater (no added OC) was Bejngjied, reflecting
redox instability often observed upon rewetting sedimeB®. ( This was followed by
systematically OC-dependent trends during the remainder ekgreximent (Figure 4a). The u-
XANES spectra obtained on sediments infused with 30 and 100 mM OC had-&dige
energies identical to those of Mn(ll) standards (Figure $hpwing rapid and complete
conversion to Mn(ll) by 2.1 PV. Although a relative uncertaintybafus 5% is associated with
oxidation states obtained from these Mn pu-XANES measurememtesgonding to =2 mmol
Mn kg, rapid and monotonic reduction of Mn in the 30 and 100 mM OC treatmentstisi
that Mn(lll,1V) oxides are no longer present, hence are not invaivébreoxidation. Even the
sediment receiving 0 mM OC exhibited gradual Mn reduction, apparently fronogidation of
native sediment organic matter. Sediments permeated with 3 amdML@C exhibited

intermediate rates of Mn reduction.
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Spatial distributions of Mn K-edge energies along the 10 mM QI at days 174,
266, and 409 are shown in Figure 5a. The presence of a thick welhge@vented collection
of u-XANES data in the vicinity of 100 mm. Note that Mn in the oagclosest to the OC
supply was more reduced than regions further along the flow path, eohsmgth redox
electrode data, and reflecting kinetically favorable reduatimter OC-limited conditionsAlso
note that at the nominally 800 pm measurement scale of individtalpbints, local spatial
variability in Mn oxidations is significant until reduction to Mn(ll) is complgtathieved.

Iron oxidation state trends. Based on Fe pre-edge peak centroid energies, initial eetlim
samples had a ratio of ferric to total Fe, Fe(lfé, of 0.88 £0.10. Even after 400 days (16 PV)
of OC infusion, p-XANES spectra indicated that the Felllf¢ remained& 0.76 +0.10 (Figure
4b). Thus, in strong contrast to the rapid and complete reduction of Mediments supplied
with the higher levels of OC, overall Fe oxidation states neeghrelatively unchanged. It
should be noted that although overall Fe oxidation states changedslithe of these changes
were statistically highly significant. In particular, the Fe redun¢tixidation cycles that occurred
from days 112 to 266 for the 30 and 100 mM OC sediments were sagnifit p< 0.001. The
cause of these Fe redox fluctuations (measured average tiloicsuamounted to 140 mmol kg
with a standard deviation of 60 mmol ®gwas not identified, but possible coupling with U
oxidation state changes is discussed later.

The reactive fraction of the sediment Fe is operationally dkfidepending on reactions
and time-scales of interes34 35). For conditions imposed in this experiment, the citrate-
dithionite extraction appears to provide a fair estimate ofdhetive Fe fraction. The citrate-
dithionite extraction removed 21% of this sediment’s total Fe €r&d), and the range of

variation in Fe(lll)l.Fe determined by p-XANES spectroscopy was of similar nbadgi
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256 (Figure 4b). The resistance to reduction of most of the sedifFexlIl), shown here through
257 time trends in Fe K-edge p-XANES spectra, is consistéhtextraction-based characterizations
258 of Fe in reducing sediment86). Lack of detectable spatial trends in overall Fe oxidatice sta
259 is shown in the p-XANES profiles from the 10 mM OC column (Fidibe All other columns
260 had similar, Fe(lll)-dominated oxidation state profiles. Continued abuadainEe(lll) (> 800
261 mmol kg') shows persistence of a high potential oxidizing capacity, wsthimpact strongly
262 moderated by low Fe(lll) reduction rates. It should also be notédnhaa fraction of the total
263 sediment Fe(lll) consisting of poorly crystalline phases is capable dizmg U(1V) (14, 16).

264 Uranium oxidation state trends. Uranium L, p-XANES spectra on the original sediment
265 showed that U occurred largely (93 £7%) as U(VI). The contralnool supplied with the
266 synthetic groundwater without OC exhibited only small variations fthie initial state
267 throughout the experiment (Figure 4c). Fluctuations in Jddge energies observed at early
268 stages of the experiment apparently reflect transient redoxgebkaoccurring during
269 establishment of water-saturated conditions. Micro-XANES meamnes were obtained at
270 fewer times for the sediments treated with 3 and 10 mM OChbkutresults show levels of U
271 reduction that are intermediate to those of the 0 versus 30 and 100@nkystems. Spatial
272 profiles of U L-edge absorption energies measured in the 10 mM OC-treated se(figens
273 5c) show U generally occurring in more reduced forms closehdoinlet, remaining more
274 oxidized toward the outlet end, and retaining a high level of local exrdstate variability. The
275 heterogeneous nature of local U oxidation states was confirmedgthrduplicate profile
276 measurements of Uyl-edge energies on days 266 and 409 (data points with common x values in

277 Figure 5c¢). Reproducibility of such duplicate scans demonstrated thatbéaayinduced redox
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changes were insignificant for not only U, but for Mn and Fe (Ega,b) as well, under our
operating conditions.

Rapid U reduction followed by reoxidation was observed in the columns supplied with 30
and 100 mM influent OC concentrations (Figure 4c), similar to U retlaxges reported in our
previous study (14). The increases in U oxidation states measareay 174 (relative to days
62 and 112) in the sediments supplied with 30 and 100 mM OC solutions wefieang at p<
0.001. Uranium p-XANES spectra obtain on day 266 showed further redwatorsignificant
at p< 0.001. The magnitude of U redox fluctuations measured in the 30 and 100 mM OC
systems (days 62 to 266) both amounted to 28% of the full U(IV)/Uédtje shift, and are
equivalent to transfers of 0.60 mmollg*. These measured U oxidation state reversals are
complimentary in their directions to the Fe oxidation state tvans measured over the same
time interval. Net oxidation of U coincided with net reduction of Bed vice versa,
gualitatively supportive of their redox coupling. Because of veryilainpotentials for
U(vD/U(IV) and Fe(lll)/Fe(ll) redox reactions, different fReinerals have significantly different
impacts on U speciatiori4, 16). However, electron transfers of the magnitude measured for U
oxidation state changes are below detection for Fe by p->3ABiEectroscopy because of the
high total Fe in the sediment (1,185 mmol'kgand the very large differences in concentrations
of total Fe and U (Fe:U molar ratio = 1,100). Thus, the Fe p&3Npectroscopy is useful for
identifying the persistence of Fe(lll) and its potential ality as a TEA for U reoxidation, but

Fe-U redox coupling could not be stoichiometrically quantified.
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Figure 4. Time trends of column-average X-ray absorption energiesijioMp K-edge, b.) Fe
K-edge pre-edge peak centroid, and U Lj;-edge in sediment columns infused with different
concentrations of OC. Data points are slightly shifted alongriedaxis for clarity. Energies of
end member oxidation states are shown on the y-axes. Rangedizate 1 standard deviation.
The diagonally slashed band in the Fe graph indicates the raegergfy shift possible if only
the citrate-dithionite extractable Fe is completely reducedrows indicate where energy
differences between adjacent times (or relative to the initial satimeases where intermediate

time measurements were unavailable) are significantly differgnt @&001.
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312 Figure 5. Profiles of characteristic X-ray absorption energieqdgrMn, (b.) Fe, and¢.) U, in
313 the sediment supplied with 10 mM OC, obtained on days 174, 266, and 409 (telatigestart
314 of OC injection). Duplicate scans were performed on U profiledr@ataon both days 266 and
315 409, and shown in data points having common x (distance) values. Refenemgees for end
316 member oxidation states are indicated along the y-axes. |AS&aion prevented measurements
317 in the center segment of the column.
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Final measurements on day 409 suggest stability of the U redis stasediments
supplied with 30 and 100 mM OC, but with incomplete reduction. Even dims¢pte phase of
reduction, about 20% of the U remained as U(VI). Factors responsibtedonplete conversion
to U(IV) could include oxidation by Fe(lll), and irreversible savptof some U(VI) on mineral

surfaces §7-39).

Implications for OC-based, in-situ U reduction

The hypothesis that a reactive Fe(lll) fraction servedhas TEA for U reoxidation was
supported through these in situ real-time p-XANES measuremelits, ¢fe, and U. Most of the
Fe(lll) remained after complete reduction of Mn, and 80% U redudtooontrast to Mn, the
high mass fraction of Fe(lll) in sediments with slow reductidavalFe(lll) phases to persist
under reducing conditions over extended periods of time. Reduction ofveeapborly
crystalline Fe(lll) (hydr)oxides appears necessary beftable U reduction is achievable.
Finally, this work shows that although reoxidized U is latethier reduced under a continuous

supply of OC, a U(VI) fraction remained after over 400 days of reduction.
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