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radionuclide retention and remobilisation†
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The past 60+ years of global nuclear activity has resulted in a significant legacy of radioactive contaminated

lands which have high economic costs associated with their remediation. Developing clean-up

technologies that are environmentally friendly, economically viable and effective in the long-term is key,

with in situ remediation techniques as an important option. However, questions remain regarding the

most favorable methods of remediation, and the long-term stability of any immobilised radionuclide(s).

Here, we used sediment microcosms to assess the long-term (300 day) stability of immobilised U and Sr

formed during anoxic microbial and chemical treatments, and assessed their stability during re-oxidation

scenarios (with oxygen or nitrate additions, 100 days). We used six contrasting treatment approaches

which resulted in 89 to >99%, and 65–95% removal efficiencies for U and Sr, respectively. These

included two Zero Valent Iron (ZVI) based products (NANOFER 25S and Carbo-Iron); a slow-release

electron donor (Metals Remediation Compound, MRC) to stimulate U(VI) bioreduction alongside a readily

bioavailable electron donor control (lactate/acetate mix); electron donor (lactate/acetate) with elevated

sulfate to stimulate metal and sulfate reduction; glycerol phosphate to promote both bioreduction of

U(VI) and biomineralization of inorganic U/Sr phosphates; and finally a natural attenuation (no

remediation agent added) control. X-ray Absorption Spectroscopy (XAS) revealed that whilst aqueous U

was removed from solution via multiple mechanisms including sorption, reduction and incorporation,

aqueous Sr was mostly removed via outer sphere complexation mechanisms. Re-oxidation with air led

to increased U remobilisation (#89%) compared to nitrate oxidation (#73%), but neither oxygen or

nitrate re-oxidation led to significant Sr remobilisation (#38%), suggesting Sr speciation may be stable

over extended timescales post remediation. Treatments amended with ZVI or glycerol phosphate not

only removed the most U and Sr from solution (>99%) but they also retained the most U and Sr following

re-oxidation (retaining $75% of the originally added U and Sr). XAS analyses suggests that enhanced

immobilisation, as seen in the treatments amended with ZVI or glycerol phosphate, may be due to the

U/Sr incorporation into mineral phases (i.e., iron oxyhydroxide and phosphate phases). This suggests that

optimal (bio)remediation strategies should target both reduction and biomineralisation mechanisms to

facilitate radionuclide-mineral incorporation, promoting longer-term stability.
Environmental signicance

Nuclear energy usage, both civilian and military, has resulted in a signicant legacy of contaminated land worldwide. Protecting the environment demands
a comprehensive understanding of the biogeochemical behaviour of radionuclides under environmental conditions. Uranium and strontium are key risk-
driving radionuclides, that require remediation, and in situ (bio)remediation offers an effective, economic and robust approach that is applicable at indus-
trial scale. Despite extensive research, the long term stability of the end-points formed during (bio)remediation hinders application for contaminated land clean-
up. This study aims to improve our knowledge of leading (bio)remediation strategies for the removal of uranium and strontium from groundwater, quantifying
their long term retention in contaminated land scenarios. Ultimately, this will help identify optimal treatments that offer the most stable end-points.
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Introduction

Elevated concentrations of redox active U and non-redox active
90Sr contaminate groundwaters at nuclear sites worldwide e.g.,
Sellaeld, UK; Rie and Hanford, USA; and Maya, Russia.1–5 In
some circumstances, contaminated sites may require interven-
tion to control U and 90Sr subsurface mobility. Here, remedia-
tion treatments would need to be amenable to in situ
application, be robust for treatment of a range of co-
contaminants (both radionuclides and non-active contami-
nants) and form end-points that remain stable over extended
timescales. This study investigates the effectiveness of a range
of commonly applied remediation approaches including
bioremediation, biostimulation and chemical remediation to
treat U and Sr before assessing the stability of these treatments
during oxidative perturbations over 400 days.

In both laboratory and eld scale studies, U in groundwaters
can be remediated by microbial reduction processes whereby
soluble U(VI), as uranyl(VI) [U(VI)O2

2+], is enzymatically reduced
to form a range of poorly soluble U(IV) species via addition of
simple electron donors.6–11 These biogenic, poorly soluble U(IV)
phases include nano-crystalline uraninite, and non-uraninite
U(IV) reduction products; the latter are oen bound to
biomass via phosphoryl ligands and are referred to as non-
crystalline U(IV). In both laboratory experiments and natural
environments U(IV) is oen found as a mixture of both nano-
crystalline uraninite and non-crystalline(IV).7,9,12–19 Here some
studies suggest nano-crystalline uraninite is more stable (e.g.,
less susceptible to oxidative remobilisation) than non-
crystalline U(IV).20–22 Aqueous U(VI) immobilisation can also be
achieved via sorption to geomedia,19,23–27 uranyl(VI) mineral
precipitation (as e.g., carbonates/phosphates),28–30 and/or
abiotic reduction to poorly soluble U(IV) on reaction with
surface associated Fe(II) and or sulde in bioreduced
sediments.31–33 In addition, if U(V,VI) is present during the
formation of the Fe(oxide)oxide phases, U can be incorporated
into Fe minerals including Fe(III)- and Fe(II)-bearing phases
during their formation.34–39 Other treatments that show promise
for U remediation include nanoscale zero valent iron (nZVI),40–47

organo-phosphates (such as glycerol-phosphate),48,49 and also
proprietary slow release electron donors.50 These treatments
form different end-points including nanoscale uraninite, sor-
bed and incorporated U (onto/into minerals) and U(IV)-phos-
phate minerals which may offer control of U solubility over
longer timescales than simple electron donor amendments and
highlight the complexity of U-speciation in these systems.40–53

Under environmental conditions, 90Sr is present as the
aqueous Sr(II) cation and its environmental mobility is largely
governed by pH, sorption to negatively-charged mineral
surfaces and/or mineral precipitation.54 At low ionic strengths
and at circumneutral to basic conditions, Sr(II) can sorb to
mineral surfaces including Fe-(oxy)hydroxides and clays due to
their large cation exchange capacity and surface area.55–60 Here,
Sr(II) typically forms outer-sphere complexes in competition
with other cations (such as H+, Na+, K+, Mg2+),61–65 and Sr(II)
bound via outer sphere sorption is considered susceptible to
1424 | Environ. Sci.: Adv., 2023, 2, 1423–1435
desorption and remobilisation with changes in pH and ionic
strength.65–67 Simple electron donors (such as acetate, lactate or
glycerol) which promote bioreduction processes typically do not
impact Sr(II) removal from solution64,68,69 unless other biogeo-
chemical processes impact on pH and lead to alkaline condi-
tions.63,64 Higher pH not only increases the net negative charge
on mineral surfaces (therefore increasing electrostatic attrac-
tion with Sr(II) cations), but eventually (at pH > 9) may promote
formation of carbonate minerals which can incorporate Sr(II).70

Indeed, mineralisation of Sr(II) offers the potential for precipi-
tation of recalcitrant phases. Here, Sr(II) incorporation into Ca-
carbonate (e.g., calcite)71 and Ca-phosphate (e.g., hydroxy-
apatite) phases67,68,72 has been noted. Sr(II) also has the poten-
tial to be remediated using ZVI, although to the best of our
knowledge, there is only one study of Sr(II) removal using ZVI.73

Efecan et al. showed that although 40–77% Sr was removed
from solution, almost two thirds of the immobilised Sr was
remobilised during 24 hour desorption tests with DI water,
suggesting that Sr(II) uptake was highly reversible and would
therefore be an inefficient method of Sr(II) remediation over
long periods.

In situ U and 90Sr remediation at contaminated sites has
been trialled in eld-scale studies.74–76 For example, at the U.S.
Department of Energy's Rie Field Research site, pilot-scale
bioremediation trials have explored bioreduction of U(VI) in
groundwaters mediated by in situ injections of electron
donor.74,76–78 The trials successfully showed an initial drop in
soluble U(VI) to below levels prescribed by the Environmental
Protection Agency,76 however, the work found that prolonged
U(VI) removal only occurred when electron donor amendment
was ongoing.76,78 This suggests that for bioremediation or
chemical remediation of soluble U(VI) to succeed over extended
times, the U species formed during remediation need to be
optimised so they are recalcitrant to re-oxidation and remobi-
lisation even aer treatment has ended. Similar eld scale trials
targeting 90Sr remediation have been conducted at the U.S.
Department of Energy's Hanford nuclear legacy site.79 Here,
aer extensive lab and eld scale research, an injectable apatite
[Ca5(PO4)3(Cl,F,OH)] permeable reactive barrier down gradient
of a 90Sr plume was installed to remediate 90Sr in groundwater
via the in situ formation of Ca-phosphate phases, specically
targeting Sr(II) sorption and subsequent incorporation into
apatite.80,81 In this case, the simultaneous in situ addition of Ca-
citrate and Na-phosphate to the sub-surface led to the
controlled breakdown of Ca-citrate, which in turn allowed Ca to
react with inorganic phosphate to precipitate amorphous
apatite, which adsorbed and incorporated 90Sr. This pilot-scale
eld trial successfully reduced 90Sr mobility away from the trial
site into the adjacent Columbia River by 90% for at least 4
years.79

Overall, at many radioactively contaminated land sites, there
is a clear need for a ‘toolkit’ of remediation methods that are
applicable over extended timescales, to help guide the choice of
optimal contaminant control strategies. Whilst the reduction of
U(VI) to poorly soluble U(IV) is an attractive remediation route,
the resultant reduced U(IV) phases may be susceptible to
oxidative remobilisation aer exposure to groundwater
© 2023 The Author(s). Published by the Royal Society of Chemistry
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containing oxidants e.g., dissolved oxygen10,75,82–86 or
nitrate.75,85,87–92 Dissolved oxygen can ingress into reduced
sediments via oxygenated waters86 and nitrate is a ubiquitous
groundwater contaminant originating from chemical and
animal waste fertilisers.93 Nitrate is also present at many
nuclear facilities at elevated concentrations due to the use of
nitric acid in the nuclear fuel cycle.70,90,94–96 Indeed, the stability
of the immobilised phases is key to the long term stewardship
of radioactively contaminated land and there is a need to
develop radionuclide immobilisation strategies, which are
effective over long timescales.

Here, we have selected an untreated, ‘natural attenuation’,
control and 6 targeted bioremediation and chemical treatments
which have been shown through a number of past studies to
offer promising avenues for exploration for U and Sr remedia-
tion.49,50,68,76,97,98 These comprised of four bioremediation treat-
ments (electron donor only; electron donor plus excess sulfate;
a slow release, commercially available, electron donor (MRC);
glycerol phosphate), and two in situ chemical treatment
approaches based on ZVI (NANOFER 25S; and Carbo-Iron). In
these experiments, we explored the fate of U and Sr over 300
days of incubation, and then assessed the impact of oxidation
with air and nitrate on U and Sr solubility and speciation in
solids over a further 100 days. The study used aqueous
geochemical analyses, 16S rRNA gene analysis and X-ray
absorption spectroscopy (XAS) to understand the key biogeo-
chemical processes controlling U and Sr behaviour. Our exper-
iments provide clear insight into the optimal treatments for
both U and Sr (glycerol phosphate, NANOFER 25S and Carbo-
Iron) which all retained $80% of the initially added U and Sr
in the solid phase for the duration of the re-oxidation
perturbations.
Experimental
Sediment characterisation

Subsurface sediments were sampled from a well characterised
eld site in west Cumbria representative of the Sellaeld sub-
surface.95,99 The sediments were sampled at approximately
10 cm depth into sealed, sterile HDPE bags, which were stored
at 10 °C prior to use. For detailed analysis, see ESI Section SI1.†
Batch microcosm experiments

Large batch microcosm experiments were set up with a 1 : 10
sediment to water ratio in sterile 2 L Schott bottles with 1.5 L of
modied, sterile articial groundwater and 150 ± 0.5 g of
sediment under anaerobic conditions. The recipe for articial
groundwater was adapted from ref. 100 and contained (mM):
KCl (0.09), MgSO4$7H2O (0.39), MgCl2$6H2O (0.39), CaCO3

(1.67), NaNO3 (0.32), NaCl (0.16), NaHCO3 (2.88) and SrCl2
(0.99). The six systems were set up, in singlet, as above with the
following amendments: sodium acetate (5 mM) and sodium
lactate (5 mM); sodium acetate (5 mM), sodium lactate (5 mM)
and sodium sulfate (10 mM); Metals Remediation Compound
(MRC) (5 g L−1);101 glycerol-3-phosphate (10 mM by mass);
NANOFER 25S (5 g L−1), supplied as an aqueous suspension of
© 2023 The Author(s). Published by the Royal Society of Chemistry
nanoscale ZVI particles suspended in a bio-degradable stabil-
iser97 and; Carbo-Iron (5 g L−1), stabilised with carboxymethyl-
cellulose (20 wt%).42,97 A seventh system was set up without
amendment as a natural attenuation control. U, as U(VI)O2

2+ in
0.001 M HCl, was spiked into the articial groundwater at
0.18 mM and stable Sr was added to the in the groundwater at
0.9 mM. These concentrations were modelled to be undersat-
urated with respect to U(VI) and Sr(II) in the groundwater using
PHREEQC (version 3.0.0) thermodynamic modelling with the
ANDRA SIT database102 (data not included). Experiments were
then sealed with butyl rubber stoppers, incubated in the dark at
room temperature and were swirled at regular intervals during
the experiment. All chemicals used were of analytical grade.

Sediment/groundwater slurry was sampled aseptically at
select time points using Ar ushed syringes. An aliquot of slurry
was added immediately to 0.5 M HCl for analysis of % Fe(II)/
Fetotal; calculated as the 0.5 N HCl extractable Fe(II) divided by
the total 0.5 N HCl extractable Fe using the ferrozine assay.103

The samples were then centrifuged (14 800g, 10 min), and the
solid phases were used for 16S rRNA gene analysis, with the
supernatant analysed for pH and Eh and a sub-aliquot acidied
and analysed for total aqueous U, Sr and Fe by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS). Residual super-
natant was frozen at −80 °C for analysis of acetate, lactate,
sulfate, nitrate, nitrite, phosphate and glycerol phosphate by
Ion Chromatography (IC).48 Here, key data are available in the
ESI (Section 3†).

Oxidative remobilisation of U and Sr

Aer 300 days incubation in large-scale (1.5 L) microcosms with
the different remediation treatments, the resultant slurries were
distributed into smaller (25 mL) experiments for re-oxidation
experiments. Here, re-oxidation experiments were set up in
triplicate under anaerobic conditions. In air re-oxidation
experiments, 25 mL of the different treatment slurries were
added to 100 mL conical asks with a sponge stopper, covered
with Al foil and stored the dark at room temperature. Flasks
undergoing re-oxidation were then gently agitated every 2–3
days to ensure air exchange, and sampled at selected time
points over 100 days.97,104 For nitrate re-oxidation experiments,
25 mL of the sediment slurries were distributed into serum
bottles under anoxic conditions, and then spiked with 10 mM
Na-nitrate to provide signicant excess nitrate at concentrations
relevant to nuclear sites.70,94,96 At selected time points, slurries
were centrifuged (14 800g, 10 min) and the aqueous fraction
analysed for U, Sr and Fe by ICPMS; sulfate, nitrate, nitrite,
phosphate, glycerol phosphate by IC, and changes in the
microbial community were monitored using 16S rRNA gene
analysis. For the ZVI-based re-oxidation treatments, parallel re-
oxidation samples were set up for bulk X-ray Absorption Spec-
troscopy (XAS) analysis aer 60 days of re-oxidation.

Solid-phase analysis

X-ray absorption spectroscopy. U L3-edge and Sr K-edge XAS
analyses assessed the valence state, local coordination envi-
ronment and geometries of the solids aer 300 days of
Environ. Sci.: Adv., 2023, 2, 1423–1435 | 1425
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treatment for all systems and aer 60 days of aerobic re-
oxidation for the ZVI systems. All XAS samples were prepared
in an anaerobic chamber and frozen at −80 °C under an inert
atmosphere prior to transport in a liquid N2 dry shipper and
analysis at the B18 beamline at Diamond Light Source.105

Samples were analysed in a liquid N2 cryostat for U L3- and Sr K-
edge (X-ray Absorption Near Edge Structure) XANES and EXAFS
(Extended X-ray Absorption Fine Structure) in uorescence
mode using a Ge detector with an in-line Y reference foil for
energy calibration (17.0384 keV). The soware packages
ATHENA and ARTEMIS were used to analyse the XAS spectra.106

Background subtraction, and normalisation of data, and linear
combination tting (LCF) of XANES data were carried out in
ATHENA, and molecular tting was performed in ARTEMIS.
Here, geochemical data, LCF results, relevant literature and
statistical analysis using the F-test approach107 were used to
inform the ts obtained and further details about the EXAFS
tting procedures, including the EXAFS ts in k3 (Fig. SI 11) are
in the ESI (Section 4†).

Microbial analysis

In order to examine changes in the microbial community, DNA
was extracted from the solids99,108 in each treatment at 0 and 300
days of treatment, and then aer 100 days of re-oxidation with
air and nitrate. Further details are provided in the ESI (Section
5†).

Proprietary substrates

A range of commercially available treatments including: MRC,
NANOFER 25S and Carbo-Iron were used in this study. MRC is
a glycerol polylactate compound containing an organosulfur
ester designed to be a slow-release substrate suitable for sus-
tained stimulation of microbial activity in situ supplied by
Regenesis. NANOFER 25S is an aqueous dispersion of zero-
valent iron nano-particles with a biodegradable stabiliser
supplied by NANO IRON.97 Carbo-Iron is a composite of acti-
vated carbon colloids and zero-valent iron clusters supplied by
the Helmholtz Centre for Environmental Research.42 A stabi-
lised suspension of Carbo-Iron was prepared by coating with
carboxymethylcellulose to improve its transport properties.42

MRC, NANOFER 25S and Carbo-Iron have been used in past
work relevant to the remediation of halogen, heavy metal, and
radioactive contaminated soils and sediments.50,97,109–113

Results and discussion

Here we discuss the changes in biogeochemistry for the treat-
ments during the rst 300 days; we also examine the U and Sr
end-points at 300 days using XAS analysis, and report changes
in microbial community composition by 16S rRNA gene
sequencing. We then discuss the re-oxidation behaviour of U
and Sr for a further 100 days with oxygen and nitrate.

Batch microcosm experiments & XAS analyses

Sedimentmicrocosms were set up using six different treatments
to investigate their potential for removal of aqueous U (Fig. 1,
1426 | Environ. Sci.: Adv., 2023, 2, 1423–1435
le) and Sr (Fig. 1, middle) from contaminated sediments over
a 300 day anoxic incubation experiment. Changes in the %
Fe(II)/Fetotal (Fig. 1, right) and Eh (Fig. SI 2†) were used as indi-
cators of the redox environment in the incubations.

Natural attenuation control

During the 300 day anaerobic treatment period, the pH
increased from 7.5 to 7.8 and signicant U and Sr were removed
from solution (Fig. 1 and SI 1†). An increase in the % Fe(II)/
Fetotal in the natural attenuation control (from 21% to 86%)
suggested that consumption of labile organic carbon in the
sediment induced Fe(III) reduction, consistent with an elevated
(4.1%wt) total organic carbon present in the sediments (Fig. 1 &
ESI Section 1†).11U(VI) removal was relatively fast during the rst
5 days and continued steadily for the remaining incubation
period with 94% (0.17 mM) of the added U removed aer 300
days (Fig. 1). Sr sorption occurred over the rst seven days (69%
removal, 0.62 mM), aer which there was no further change in
Sr concentrations similar to past work.64,65,68 Approximately 25%
(0.1 mM) of the initial 0.4 mM sulfate was consumed during
incubation (Fig. SI 3A†). Overall these results conrm both
Fe(III)- and sulfate-reducing conditions were stimulated in the
organic matter rich sediment.

Linear combination tting (LCF) of the U XANES of the
natural attenuation 300 day incubation endpoint identied U
present as both U(VI) and U(IV) (approximately 70 : 30 U(VI) : U(IV))
(Fig. SI 10†). Accordingly, the best t for the EXAFS was ob-
tained using these data to inform tting (Fig. 2, Table SI 1†),
with a 70% U(VI) contribution described by shells U]Oax at 1.8
Å (CN 1.4) and U(VI)–Oeq at 2.4 Å (CN4.2) and a 30% U(IV)
contribution U(IV)–O at 2.3 Å (CN 2.6), suggesting that a combi-
nation of sorption and reduction processes were controlling U
solubility. Partial reduction to U(IV) was consistent with the
development of Fe(III)- and sulfate-reducing conditions fuelled
by natural organic matter in the sediment. The U(VI) fraction
could be present as either: (i) sorbed, uranyl(VI) phases to the
solid geomedia (e.g., ref. 19 and 23–27), (ii) uranyl(VI) carbonate/
phosphate precipitates (e.g., ref. 28–30), or (iii) a combination of
points (i) and (ii). The Sr K-edge EXAFS were best t with a single
shell of 9 O backscatterers at 2.6 Å consistent with outer sphere
sorption to the sediments (Fig. 2, Table SI 1†).61,68

Electron donor addition

Microbial communities in the electron donor (5 mM Na-acetate
& 5 mM Na-lactate) amended experiment consumed all of the
acetate and lactate during the course of the 300 day incubation
(Fig. SI 4A†). Consistent with the microbial consumption of
electron donor, this system showed an increase in pH to 8.0 and
an increase in the % Fe(II)/Fetotal, which stabilised at approxi-
mately 80% Fe(II) ingrowth within 35 days (Fig. 1 and SI 1†).
These conditions were coupled to signicant U removal (94%,
0.17 mM, similar to the natural attenuation control) over 300
days, and Sr also behaved similarly to the natural attenuation
control experiment, with 65% (0.59 mM) Sr removed from
solution (Fig. 1). This is consistent with previous studies which
report that electron donor amendments have limited impact on
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Aqueous U (left) and Sr (middle) concentrations in mM, and % Fe(II)/Fetotal (right). With data for the incubation period (black lines) and
remobilisation data for each species after aeration (red lines) or when amended with nitrate (blue lines). Data for the incubation period are taken
from singlet measurements, whilst data for the oxidative remobilisation were performed in triplicate with error bars representing 1 standard
deviation (s). Incubation periods are highlighted in grey and remobilisation phases are left blank.
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Sr mobility unless bioreduction raises the pH > 9.64,68,69 Addi-
tionally, sulfate reduction also occurred with complete removal
of the initial 0.4 mM sulfate occurring aer 300 days, as further
evidenced by a blackening of the sediments indicating insol-
uble Fe sulde formation (e.g., FeS).

In the electron donor amended experiment, LCF of the U
XANES data suggested that the system was dominated by U(IV)
(Fig. SI 10†), consistent with the formation of nano-crystalline
uraninite and non-crystalline U(IV).9,16,17,21 Accordingly, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
EXAFS data were best tted as a mixture non-crystalline U(IV)
bound to phosphate moieties on biomass, with a contribution
from nano-crystalline uraninite indicated by a U–U shell at 3.9–
4.0 Å (CN= 3) (Fig. 2 & Table SI 1†).9,14–16,18,19 Again, the Sr K-edge
EXAFS were best tted with a single shell of 9 O backscatterers
at 2.6 Å consistent with outer sphere sorption to the sediments,
indigenous P present in the sediment did not signicantly affect
Sr speciation (Fig. 2, Table SI 1†).61,68
Environ. Sci.: Adv., 2023, 2, 1423–1435 | 1427
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Fig. 2 EXAFS Fourier transform data (black) and fits U L3-edge (left,
red) and for Sr K-edge (right, green). % U(IV) contributions included.
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Electron donor plus sulfate treatment

The third system contained acetate (5 mM), lactate (5 mM)
electron donors and elevated concentrations of sulfate
(10.4 mM compared to 0.4 mM in the electron donor only
system). Here, we explored the impact of elevated suldation on
U and Sr biogeochemistry as it may inuence the rate and extent
of U(VI) bioreduction, as well as the stability of the end-
points.84,87,91,114,115 Additionally, elevated sulfate can lead to
enhanced formation of Fe(II)-suldes on bioreduction and these
reportedly act as redox buffers for U(VI) during sediment
oxidation.84,87,91,114,115 In this system, the pH increased to 8.9
presumably due to excess sulfate reduction, which was elevated
compared to the natural attenuation and electron donor
systems (pH 7.8 and 8.0 respectively) (Fig. SI 1†). Signicant
U(VI) was removed from solution (90%, 0.16 mM) concurrent
with an increase in % Fe(II)/Fetotal (Fig. 1). Sr removal was
enhanced compared to the natural attenuation control and the
electron donor amended systems (82%, 0.74 mM, Fig. 1),
presumably due to the increased pH (to 8.9) following sulfate
reduction (Fig. SI 1†).116 Suldation was extensive in this
experiment as evidenced by consumption of sulfate, a notice-
able blackening of sediments and sulde odour, and a pH
increase and Eh decrease to below −400 mV (Fig. SI 2 and SI
5B†).

Despite development of robust Fe(III)- and sulfate-reducing
conditions, LCF of the U XANES suggested only approximately
60% of the added U was reduced to U(IV), suggesting that
1428 | Environ. Sci.: Adv., 2023, 2, 1423–1435
elevated sulfate hindered the extent of U(VI)-reduction (Fig. SI
10†).74–76 Here, the U EXAFS were best t with a 40 : 60 U(VI) :
U(IV) ratio for the U–O shells, and the addition of modest U–P
backscatterer contribution at 3.2 Å (F-test 98.8%) suggesting U
was likely speciated as non-crystalline U(IV) associated with
phosphate, similar to the electron donor only system (Fig. 2 &
Table SI 1†). Non-crystalline U(IV) has previously been reported
under sulfate-reducing conditions.8,9,17–19,22,51 Again, the Sr K-
edge EXAFS data were best tted with a single shell of 9 O
backscatterers at 2.6 Å consistent with outer sphere sorption to
the sediments (Fig. 2, Table SI 1†).61,68

MRC treatment

The fourth system used a commercially available, slow release,
organosulfur ester, known as “Metals Reducing Compound”
(MRC) intended to target redox active metals including Cr(VI)
and Tc(VII).50,101,117 The MRC treatment caused acidication of
the sediment microcosm to pH 4, which is in contrast to past
work where acidication to pH 6 occurred, suggesting that the
sediment in the current work has a low buffering capacity
(Fig. SI 1†).50 Here U removal was 89% (0.16 mM), and Sr
removal was 69% (0.62 mM) (Fig. 1). By the experiment end-
point, near complete reduction of Fe(III) was observed; this
occurred at a much slower rate than the other experiments and
was consistent with reported lower Fe(III) reduction rates (pH 4,
Fig. SI† 1) in low pH sediments.95,118 Interestingly, there was no
evidence for development of sulfate reduction over the 300 day
incubation period (Fig. SI 6A†) and furthermore, all ion chro-
matography samples from the MRC treatment contained
a ngerprint consistent with a complex mix of volatile fatty
acids,50 presumably from biodegradation of the MRC
compound.

U XANES for the MRC system was essentially the same as the
uranyl(VI) standard suggesting no signicant reduction had
occurred (Fig. SI 10†). Accordingly, the U EXAFS data were tted
with a U]Oax dioxygenyl oxygen at 1.8 Å (N = 2) and 6 equa-
torial U–Oeq backscatterers at 2.4 Å. Addition of a third S
backscatterer shell at approximately 3.2 Å statistically improved
the t (F-test 96.5%) and was indicative of bidentate coordina-
tion to sulfate9,15,17,18,119,120 (present in the structure of MRC)
(Fig. 2 & Table SI 1†). Sr K-edge EXAFS data were best tted with
a single shell of 9 O backscatterers at 2.6 Å consistent with outer
sphere sorption to the sediments (Fig. 2, Table SI 1†).61,68

Glycerol phosphate treatment

Biostimulation via organophosphate amendments is a prom-
ising remediation method as it provides an electron donor
capable of reducing contaminant species and the phosphate
facilitates the precipitation of relatively insoluble phosphate
biominerals.67,121–124 Metal-phosphate precipitation can be ach-
ieved in the subsurface via addition of inorganic phosphate, but
this may cause localised clogging at injection wells if the
injection rate is too high.76,125 To avoid these issues, slow release
organophosphates, including glycerol phosphate, are designed
to biodegrade aer injection and dispersion have been explored
in other experimental works and are included in this study.48,49
© 2023 The Author(s). Published by the Royal Society of Chemistry
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In the glycerol phosphate amended experiment, the pH
remained stable at 7.5 (Fig. SI 1†)49,68 and glycerol phosphate
biodegradation and phosphate release were conrmed in the
solution analyses (Fig. SI 7A†). This was accompanied by U(VI)-
and Fe(III)- bioreduction until sulfate-reducing conditions were
observed (Fig. 1 and SI 7B†). At the end of the experimental
incubation, signicant inorganic phosphate remained in solu-
tion (2 mM, 20% of total added phosphate). Interestingly, U was
removed rapidly from solution, with >75% (0.14 mM) removal
within the rst week and >99% (0.18 mM) by day 35 (Fig. 1)
similar to previous relevant studies.48,49,126 Sr removal in this
system was signicantly enhanced (97%, 0.87 mM) compared to
the natural attenuation control, with removal occurring over
300 days similar to past work (Fig. 1).68

The U XANES data suggested that U(IV) dominated (Fig. SI
10†) in these treatments, and the EXAFS were successfully tted
as U(IV)-phosphate, consistent with literature49,126,127(Fig. 2;
Table SI 1†). The Sr K-edge EXAFS data were initially tted using
a single shell of 9 oxygen atoms at a distance of 2.6 Å. This did
not fully resolve several features in the Fourier transformed
data, and (informed by relevant literature) a second Sr–P shell
was added at 3.3 Å (CN 1.3, F-test 96.3%) consistent with a Sr-
doped hydroxyapatite-like local coordination environment
(Fig. 2 & Table SI 1†).66,68,128 Indeed, the tted shell occupancy of
1.3 in the Sr–P shell suggests that up to a third of the Sr was
inner sphere bound to phosphate. This is consistent with initial
adsorption and then slower incorporation of a fraction of Sr into
Ca-phosphate minerals (Fig. 2, Table SI 1†).68,79,80
Zero-valent iron treatments: NANOFER 25S and Carbo-Iron

Both U and Sr were removed rapidly from solution in the
presence of NANOFER 25S and Carbo-Iron, within 1 week they
both removed >99% (0.18 mM) U(VI), and 86% (0.77 mM) and
79% (0.71 mM) of the Sr, respectively (Fig. 1).44,98,113,129,130 The %
Fe(II)/Fetotal remained >75% and 60% aer 35 days for NANO-
FER 25S and Carbo-Iron, respectively (Fig. 1), suggesting that
reducing conditions persisted in these incubations (Fig. 1). The
pH for NANOFER 25S was 8.0 and for Carbo-Iron was 7.5 (Fig. SI
1†), and there was evidence of sulfate removal from solution
conrming that sulfate reduction had occurred (Fig. SI 8A and
SI 9A†). Here, the majority (>75%) of sulfate reduction occurred
aer U and Sr removal (Fig. 1, SI 8A and SI 9A†) suggesting
sulfate reduction was not a major control on the initial removal
mechanism for U or Sr.

Linear combination tting of the XANES data between ura-
nyl(VI) and U(IV)-uraninite standards suggested U(IV) dominated
in the 300 day NANOFER 25S incubated sample (approximately
80%) with a small contribution from U(VI) (Fig. SI 10†). In the
Carbo-Iron system, XANES linear combination tting suggested
U(IV) dominated (>99%) (Fig. SI 10†). A tting model based on
UO2 with an additional single scattering U–Fe pathway (CN 1,
3.5 Å, F-test 98.0%) provided the best t for the Carbo-Iron
EXAFS (Table SI 1†). These data suggest that U is present as
adsorbed U(IV) on the surface of an Fe-phase (e.g., magnetite)
and was consistent with published ts for year-long U(VI)
reduction by ZVI.41,131–134 In the Sr EXAFS both systems were
© 2023 The Author(s). Published by the Royal Society of Chemistry
successfully tted with a single O shell at 2.6 Å (Table SI 1†)
suggesting outer sphere sorption dominated.61,68

Microbial analysis aer batch incubation

16S rRNA gene analysis was used to investigate the microbial
community evolution in our experiments. Initially, sediments
contained a relatively diverse range of soil bacteria and archaea
(Fig. SI 12†).

Aer 300 days of incubation under anaerobic conditions, the
microbial community present in the natural attenuation control
and electron donor systems were remarkably similar. Both saw
an increase in Fe(III)-reducers from 0.5% to 2.4% and from 0.6%
to 1.0% in the natural attenuation control and the electron
donor addition, respectively (e.g., aer 300 days Geobacter spp.
was present in both (#1.9%), but Geothrix spp. were only
detected in the electron donor system (#0.3%)). This is
consistent with Fe(III) reduction, and the electron donor only
system saw a signicant increase in relative abundance of
methane-oxidising Methanobacteria (from >0.1% to 7.5% of
Operational Taxonomic Units (OTUs)) suggesting some
evidence for methanogenesis (Fig. SI 12†). The electron donor
with sulfate system, showed signicant increases in the relative
abundance of both Fe(III)- (e.g., Geobacter) and sulfate-reducing
bacteria (e.g., Desulfobulbus, Desulfovibrio and Desulfospor-
osinus), but showed less evidence for active methane-oxidising
communities (Methanobacteria represented only 2.2% of the
microbial OTUs) suggesting sulfate-reducers outcompeted
methane-oxidising bacteria in these experiments (Fig. SI 12†).
In the system with MRC, which had a pH of 4, there was
a relative decrease in the microbial diversity Shannon index
(5.11), suggesting reduced microbial diversity, with the micro-
bial community dominated by Bacilli (50.3%) (Fig. SI 12†).
Following biostimulation with glycerol phosphate, a diverse
microbial community was detected including sequences closely
related to known Fe(III)- and sulfate-reducing bacteria (e.g.,
Geobacter, Geothrix and Desulfosporosinus) (Fig. SI 12†), consis-
tent with past work.49,68 Again, Methanobacteria. (6.5% of the
OTUs) were detected at the experimental end-point suggesting
methanogenesis (and subsequent methane oxidation) had been
stimulated. The NANOFER 25S incubation had a low Shannon
index (5.91) suggesting reduced microbial diversity, potentially
due to toxicity effects associated with ZVI (Fig. SI 12†).97,135

Conversely, the Carbo-Iron amended system showed a relatively
similar Shannon index to the other systems (7.02). Here, similar
Fe(III)- and sulfate-reducing genera were detected compared to
the electron donor amended experiment (e.g., Geobacter,
Desulfovibrio and Desulfobulbus) indicating increased microbial
diversity and robust bioreduction aer stimulation, which was
potentially enhanced by hydrogen production (from ZVI corro-
sion) to the breakdown of the cellulose coating of these mate-
rials (Fig. SI 12†).

Oxidative remobilisation of U and Sr

Aer 300 days incubation, remobilisation experiments medi-
ated by oxidation with air or nitrate were conducted to deter-
mine the stability of U and Sr treatments. The red (air) and blue
Environ. Sci.: Adv., 2023, 2, 1423–1435 | 1429
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(nitrate) lines in Fig. 1 show aqueous U (le), Sr (middle) and
the % Fe(II)/Fetotal (right). Changes in the percentage % Fe(II)/
Fetotal and Eh (Fig. 1 and SI 2†) were used as indicators of the
redox environment in the incubations. The percentage of
remobilisation was calculated using the original concentrations
of U, Sr.

Natural attenuation control, electron donor and electron
donor plus sulfate treatments

Oxic conditions were re-established over 100 days of aeration in
the natural attenuation control, and the electron donor and the
electron donor plus sulfate treatment systems, with % Fe(II)/
Fetotal decreasing and Eh values increasing (Fig. 1 and SI 2†).
Here, the U previously scavenged to sediments under reducing
conditions showed signicant remobilisation (>78%, 0.14 mM),
suggesting these treatments are not resistant to re-oxidation via
O2 ingress even in the case of the excess sulfate system, where
suldes have been reported to cause redox buffering in some
systems (Fig. 1).84,87,91,114,115,136 EXAFS analysis on the incubated
end-points for these samples suggested a mix of U(VI) and non-
crystalline U(IV) which is consistent with re-oxidation to U(VI)
and subsequent remobilisation (Fig. 1 and 2).9,20,21,137,138 When
treated with 10 mM nitrate, the natural attenuation control and
electron donor experiments showed essentially complete Fe(II)-
re-oxidation, and the electron donor plus sulfate treatment
showed only partial Fe(II)-re-oxidation, with the Eh values in all
systems less oxidising than for the air re-oxidation equivalents
(Fig. 1 and SI 2†). Here, U showed lower levels of remobilisation
compared to the air re-oxidation experiments, with 73% (0.13
mM), 48% (0.09 mM) and 11% (0.02 mM) remobilisation of U
from the natural attenuation control, electron donor, and
electron donor plus sulfate systems respectively (Fig. 1).
Presumably, the presence of carbonate which is at equilibrium
with the atmospheric CO2 in the aerobic experiments, and
restricted in the nitrate remobilisation studies, may enhance U
oxidation/release to some extent. Indeed, higher remobilisation
rates of bioreduced U are consistent with previous re-oxidation
studies on bioreduced sediments containing U and Tc.85,139 In
all of these experiments, Sr solubility remained largely
unchanged conrming Sr sorption is largely unaffected by
changes in redox chemistry caused by air or nitrate oxidation
(Fig. 1).

MRC treatment

For MRC, air oxidation showed an increase in Eh coupled to full
re-oxidation of % Fe(II)/Fetotal; it also caused an increase in pH
from 4 to 6, likely attributable to Fe(II)-oxidation or through
dissolution of atmospheric CO2, which buffered the solution
(Fig. 1 and SI 1†). Here, only 43% (0.08 mM) of the total added U
was remobilised, suggesting that the immobilised phase was
not highly susceptible to oxidative remobilisation (Fig. 1). This
is consistent with XANES (Fig. SI 10†) and EXAFS (Fig. 2) tting
of U(VI) aer 300 days incubation, as the U was already present
as U(VI) re-oxidation is unlikely to signicantly affect its solu-
bility. Again, Sr levels did not change signicantly following re-
oxidation of the microcosms. Although nitrate amendment
1430 | Environ. Sci.: Adv., 2023, 2, 1423–1435
caused an increase in Eh (from +164 to +323 mV) it caused no
change in pH (Fig. SI 1†) or % Fe(II)/Fetotal and this was reected
in no signicant U or Sr remobilisation in this system, sug-
gesting that pH is a key controlling factor in the biogeochemical
behaviour of U and Sr (Fig. 1).

Glycerol phosphate treatment

In past work, glycerol phosphate has shown promise as a treat-
ment that affords long-term stability of U and Sr with signicant
removal and retention on air and nitrate re-oxidation.49,68 In the
current study, air reoxidised sediments showed a decrease in %
Fe(II)/Fetotal from 96% to 41% and an increase of Eh to +242 mV
(Fig. 1 and SI 2†). This suggests oxidising conditions were re-
established, but despite this, only 20% (0.04 mM) U was
remobilised to solution (Fig. 1). With nitrate re-oxidation %
Fe(II)/Fetotal decreased to 59% and Eh increased to +239 mV and
similarly <1% U was remobilised to solution. Again, both air
and nitrate treatments showed no signicant (#3%, <0.03 mM)
remobilisation of Sr to solution (Fig. 1 and SI 2†). For both
elements, the lack of remobilisation in air treated systems
despite signicant re-oxidation is reportedly due to the forma-
tion of stable, solid phosphate phases which have previously
been shown as recalcitrant to oxidative remobilisation.49,68,79

Zero-valent iron treatments: NANOFER 25S and Carbo-Iron

Following air re-oxidation of NANOFER 25S and Carbo-Iron
systems, the pH did not change signicantly (<0.1), the Eh
increased to +360 and +330 mV and the % Fe(II)/Fetotal was 11%
and 16% respectively (Fig. 1, SI 1 and SI 2†). Here, there was
25% (0.05 mM) U and 6% (0.05 mM) Sr remobilisation for
NANOFER 25S and <1% U (<0.01 mM) and 16% (0.14 mM) Sr for
Carbo-Iron. Both of the tailored ZVI treatments outperformed
previous work with regular ZVI, where long-term U immobili-
sation was only maintained in the absence of carbonate, and
where Sr treatment with ZVI was prone to Sr remobilisation on
perturbation.73,98 Following nitrate re-oxidation of the NANO-
FER 25S and Carbo-Iron systems, the pH was 7.9 and 8.6, the Eh
was +262 and +218 mV, and the % Fe(II)/Fetotal was 12% and
37% respectively (Fig. 1, SI 1 and SI 2†). Similarly, nitrate
amendments only remobilised <1% (<0.01 mM) of U and 8%
(0.07 mM) Sr for NANOFER 25S and 12% (0.02 mM) U and 12%
(0.11 mM) Sr for Carbo-Iron respectively (Fig. 1). Overall, the
Carbo-Iron and NANOFER 25S treatments show signicant
retardation of U and Sr on initial incubation, and low remobi-
lisation on re-oxidation (Fig. 2). Interestingly, U re-oxidation
aer aeration was signicantly lower and slower in the pres-
ence of Carbo-Iron compared to NANOFER 25S. Further analysis
to explore the mechanism of retention of U in these phases was
conducted using U EXAFS. Here, samples from the air re-
oxidation of NANOFER 25S and Carbo-Iron were analysed
aer 60 days. LCF of the XANES for both samples suggested
complete re-oxidation to U(VI) had occurred, despite the fact
that oxidative remobilisation of U(VI) into solution was not
signicant (Fig. 1 and SI 10†). For both NANOFER 25S and
Carbo-Iron, the re-oxidised EXAFS spectra were almost identical
and were tted with a full axial U]Oax shell, split equatorial U–
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Oeq shells and a single U–Fe backscatterer indicative of inner-
sphere adsorption of uranyl to Fe(III) edge sites (Fig. 3 & Table
SI 1†).24,29,140,141 In the case of NANOFER 25S the U EXAFS also
contained a C shell at 2.92 Å which is consistent with bidentate,
inner-sphere sorption of a U(VI)-carbonate complex binding to
the Fe-oxide surface (Fig. 3 & Table SI 1†).24,29,140,141 In the Carbo-
Iron sample a C shell could not be tted to the spectra without
constraining the U–C distance to 2.9 Å, suggesting that here
uranyl(VI) was bound directly to the Fe-oxide surface in the
Carbo-Iron sample (Fig. 3 & Table SI 1†). Interestingly, although
the EXAFS models t literature values for sorbed U(VI) to Fe-
minerals,24,29,140,141 adsorbed U(VI) readily desorbs in air-
equilibrated systems due to the formation of highly soluble
uranyl carbonates between pH 7 and 8.142 The lack of remobi-
lisation in these experiments suggests that U(VI) sorption to Fe is
not likely the dominant retention mechanism. Rather, the
recalcitrance of the U suggests some form of incorporation of
U(VI) into an Fe oxide phase which has formed during the re-
oxidation process.34–39 Indeed, due to the excellent removal
and long-term retention capacities of the ZVI-amended systems,
the mechanisms governing U(VI) reduction and remobilisation
following treatment with ZVI merits further study.
Microbial analysis of the remobilised samples

The microbial community that developed aer oxidation with
air was consistent with a response to oxic conditions. Close
matches to Actinobacteria of the order Micrococcales and
Micromonosporales, which are Fe(II)-oxidisers were observed
across the oxic systems in signicant quantities (Fig. SI
12†).143,144 Here, the genus Pseudoarthrobacter, strict aerobes144

represented 26% of the OTUs aer air oxidation of the NANO-
FER 25S system. The large shis in the microbial community in
the day 400 aerobic samples are consistent with the re-
establishment of oxic conditions (Fig. 1). Following nitrate
additions, the microbial communities in the experiments were
similar to the parallel day 300 bioreduction samples (Fig. SI
12†). This suggested that many of the organisms that prolifer-
ated during the initial bioreduction steps were also able to
denitrify, consistent with the biogeochemical data (Fig. 1).
Fig. 3 U L3-edge Fourier transform data (black) and fits (red) for the
re-oxidised NanoFeR25s and Carbo-Iron samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Conclusions

Early radionuclide bioremediation concepts oen involved
biostimulation of radionuclide reduction (e.g., for U(VI) and
Tc(VII)) using relatively simple electron donors (e.g., see ref. 145).
However, there are concerns regarding the long term effective-
ness of these approaches, due to the stabilities of the formed
end-points, especially during re-oxidation. This study builds on
more recent work that has led to the development of alternative
processes that may deliver more recalcitrant end-points. We
compared the long term effectiveness of several promising
remediation techniques applied to redox active U and, non-
redox active Sr contaminated sediments. Whilst many of these
treatments have been investigated in separate studies, differ-
ences in experimental setups (e.g., methodologies, radionu-
clides, sediments used) hinder cross-comparisons of treatment
performance.

Generally U and Sr behaviour was largely similar across
incubation experiments. Here, $89% and $65% of added U
and Sr was removed from the aqueous phase in all experiments,
respectively. During remobilisation experiments, aeration
remobilised more U (presumably through the oxidation of U(IV)
to U(VI)) than nitrate, and as expected Sr, which is not redox
active, was largely unaffected by re-oxidation. Systems amended
with glycerol phosphate or ZVI (NANOFER 25S and Carbo-Iron)
were most efficient, achieving near complete removal of U and
Sr and limited remobilisation (#25% remobilisation of the
initially added radionuclide compared to 43–89% remobilisa-
tion in other treatments). Whilst XAS identied a range of
different U end-points, Sr speciation was dominated by weak-
outer sphere sorption consistent with pH regimes below pH
11, with the exception of the glycerol phosphate amended
system that yielded a highly recalcitrant, incorporated Sr-apatite
phase. Bioremediation approaches (electron donor only, elec-
tron donor plus sulfate) yielded similar removal and remobili-
sation results to the ‘natural attenuation’ control, which had
small quantities of organic carbon present. These are consistent
with XAS analyses which demonstrated a combination of
biogenic and nanocrystalline U(IV), and adsorbed U(VI) species
in the natural attenuation, electron donor only and electron
donor plus sulfate amended systems. Commercially available
MRC treatments efficiently removed U and Sr from solution,
although did not reduce U(VI). The fast rate of sorption and lack
of reduction suggests that U removal was dictated by adsorption
rather than reduction mechanisms in these treatments. Glyc-
erol phosphate amendments proved to be one of the most
effective treatments, removing >99% U and 97% Sr from solu-
tion, with #20% U and #3% Sr remobilised following re-
oxidation. Interestingly, U EXAFS analyses yielded ts for
noncrystalline/biogenic U(IV) (electron donor and electron
donor plus sulfate amendments) and ningyoite-like U(IV)-
phosphates (glycerol phosphate amendments), with the
ningyoite-like U(IV) phosphates proving much more recalcitrant
to remobilisation. The differences in these end-points have
clear implications for establishing effective and long-lasting
remediation strategies. ZVI based treatments (NANOFER 25S
Environ. Sci.: Adv., 2023, 2, 1423–1435 | 1431
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and Carbo-Iron) were equally as effective as glycerol phosphate
amendments with >99% U and#86% Sr removal from solution
and#25% U and#16% Sr remobilisation. Interestingly, EXAFS
analysis of the aerobically reoxidised Carbo-Iron and NANOFER
25S yielded ts similar to adsorbed U(VI) species, however the
lack of solubility of the U(VI) phases suggests that other mech-
anisms (e.g., incorporation) may govern U solubility. The
mechanisms controlling this require further study in more
controlled experiments.

Overall, these data highlight the complexity of reductive
remediation methods, which may form widely varying end-
points and display variable rates of remobilisation when
exposed to air or nitrate. Our work shows that for a remediation
strategy to be effective it must include a removal (e.g., reduction,
adsorption, precipitation) and a retention process (e.g. forma-
tion of-, or incorporation into- an environmentally stable
mineral phase) which is largely unaffected by environmental
perturbations (e.g., oxidation and salinity increases). Here, the
best performing methods used glycerol phosphate or ZVI based
treatments (NANOFER 25S or Carbo-Iron), which all have the
potential to reduce redox active radionuclides (e.g., U(VI) and
Tc(VII))68,97 and also (likely) mineral-incorporation (e.g., U/Sr into
ningyoite/apatite respectively). These are good candidates for
long-term site remediation strategies and, they therefore
warrant further analysis in long-term column experiments and
eventually eld-scale studies to check their stability under in
situ conditions.
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